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ABSTRACT 
Mechanical properties of articular cartilage, including stiffness, 
biolubrication, and wear-resistance, undergo deterioration during progression of 
diseases such as osteoarthritis. When the tissue becomes softened and wear-
prone, resulting from biochemical alterations within the cartilage matrix, osteoar-
thritis patients experience painful joint degeneration and erosion of the bone-
protective cartilage. Moreover, the synovial fluid bathing the cartilage also expe-
riences a reduction in lubricating capacity as osteoarthritis advances, further has-
tening wear. An existing treatment paradigm known as viscosupplementation, 
designed to restore a viscous and lubricating nature to the synovial fluid, in-
volves intraarticular injection of hyaluronic acid into affected joints. While this 
technique relieves pain for some individuals, the majority of patients experience 
neither pain relief nor protection of the cartilage from further damage. 
viii 
To address the unmet need of patients requiring chondroprotective thera-
pies, this dissertation describes two potential intraarticular strategies based on 
the application of polymer chemistry principles to bodily tissues and interfaces. 
One strategy involves the synthesis of a non-hyaluronic-acid synovial fluid sup-
plement, based on a phosphorylcholine-containing polyacrylate network, de-
signed to functionally mimic the lubricity of the glycoprotein lubricin, phospho-
lipid macromolecular assemblies, and high molecular weight hyaluronic acid. 
The second strategy involves the in situ photopolymerization of a related 
polyacrylate within cartilage bulk tissue to strengthen, prevent wear, and in-
crease the proportion of compressive load supported by the tissue’s interstitial 
fluid rather than solid matrix. In this strategy, the branched polymer network 
functionally mimics the glycosaminoglycans that are found in healthy cartilage 
but depleted in osteoarthritic cartilage. For both potential therapies, chemical 
and physical properties of the respective fluid and tissue are analyzed, and ex 
vivo cartilage mechanical testing involving axial and shear deformation reveal 
the biotribological and compressive reinforcement conferred by the zwitterionic 
polymer. The synovial fluid supplement significantly decreases cartilage friction 
through a variety of lubrication mechanisms depending upon tissue fluid flow 
state and articulation conditions, and the cartilage-reinforcing supplement pro-
tects cartilage during accelerated wear testing while also improving synovial flu-
id’s ability to lubricate polymer-impregnated cartilage. The fundamental tissue—
ix 
biomaterial tribological interactions investigated in this dissertation will inform 







This dissertation begins with an overview of recent advances in strategies to im-
prove biolubrication of soft bodily tissues (Chapter I). The remaining text is di-
vided into three parts: Parts I (Chapters II-III) and II (Chapters IV-VI) describe 
fundamental scientific investigation as well as applied development efforts of 
two biomaterial-based therapeutic approaches to treating early-stage osteoarthri-
tis. The content of Part III (Chapter VII) is informed by lessons learned in tis-
sue—biomaterial tribological interactions, and describes investigation and devel-
opment of a lubricious surface coating for latex male condoms to increase user 
satisfaction and condom usage. 
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1. Chapter I. Developments in Drugs, Biomaterials, and Technologies to Improve 
Biolubrication and Strengthen Soft Tissues 
1.1 Abstract 
 The field of biotribology has important physiological implications for 
normal functioning of articulating tissues, moving organisms, and even ecosys-
tem-level biomechanics. Lubricating biopolymers are found natively throughout 
animal bodies at various sites of biological articulation, including eyelid, mouth, 
and synovial joints, and the range of operating conditions at these disparate in-
terfaces yields a variety of tribological mechanisms through which compressive 
and shear forces are dissipated to protect tissues from material wear and fatigue. 
This review chapter focuses on recent advances in drugs and biomaterials for 
therapeutically augmenting the friction, lubrication, and wear of disease states. 
Various small molecule, biological, and gene delivery therapies are described, as 
are tribosupplementation with naturally-occurring and synthetic biolubricants 
and reinforcing agents. While reintroduction of a diseased tissue’s native lubri-
cant received significant attention in the later part of the twentieth century, the 
twenty-first century is spawning a host of synthetic and hybrid natural/synthetic 
biomaterials that offer advantages of tunable chemistry and polymer architecture 
in obtaining a desired tissue mechanical response. 
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1.2 Introduction 
 Tribology, or the study of friction, lubrication, and wear, has been studied 
extensively over the past century, initially pertaining largely to articulation of 
metal surfaces in applications such as engines, turbines, and pistons.1, 2 Recent 
advances in high-precision analytical techniques have given rise to an under-
standing of micro- and in particular nano-scale frictional phenomena, spawning 
the growing field of nanotribology.3, 4 Our deepening understanding of frictional 
behavior has given rise to various mechanical methods for modulating friction to 
suit human needs. In a broad sense, numerous synthetic strategies exist to alter 
tribology, including application of lubricants such as graphite, introduction of 
rolling rather than sliding components, e.g. ball bearings, and use of acoustic en-
ergy to dissipate friction (Figure 1.1). More specifically, the articulating sub-
strates may be modified, e.g. by plasma treating, smoothing, or hardening. Of the 
subset of surface modifications, an even narrower class of synthetic technique 
involves the conjugation of lubricious polymers to a substrate, e.g. Teflon® used 
to coat cookware. The specific field of interest relating to this review chapter is 
biotribology, or tribology of biological systems, and a recurring theme observed 
in this field is the conjugation of polymers to biological substrates in order to 
modulate friction thereof. Biotribology has been reviewed elsewhere5, 6 with par-
ticular emphases on diarthodial joints7-10 endothelia,11 and tongue/mouth lubri-
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cation by saliva.12 Numerous bodily tissue interfaces require efficient 
biolubrication* for optimal physiological function, includ-
ing13mucosal14membranes such as the eyelid, esophagus, intestine, and vagina. 
At greater scale than conventionally-studied tissues and organs, whole-organism 
lubrication has important implications for conservation of energy among swim-
ming animals15 and providing the amphibian integumentary system with highly-
lubricated surfaces for preventing dessication.16 Moreover, mammalian offspring 
(excluding egg-laying mammals) require whole-body lubrication during vaginal 
birth to reduce frictional stresses resulting from high cervical and vaginal normal 
pressures on the neonate.17 Beyond the frictional behavior of native biological 
articulating surfaces, the body’s tribological interaction with synthetic materials 
has been studied as well, with significant attention devoted to understanding 
skin contact with consumer materials18-22 and wear of prosthetic joint implants.23-
25  
 Biological implications of tribology significantly affect not only single an-
imals, but also inter-animal interactions. Friction and lubrication during mamma-
lian sexual intercourse has been increasingly studied26, and well-lubricated slip-
                                                 
* It should be noted that the term biolubricant is alternately used in the literature 
to describe lubricants that derive from biological feedstock and are used for a va-
riety of non-biological applications for the purposes of being more renewable, 
biodegradable, and environmentally friendly than conventional lubricants.13, 14 
This class of materials is not included in the present review. Here, we use the 
term biolubricant to mean a macromolecule or material that reduces friction or 
prevents wear in a biological system. 
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pery skin contributes to many fish evading their predators27 as well as to sharks’ 
ability to catch their prey.28 Moreover, biolubrication impacts not only organism-
level interactions, but also ecosystem-level biomechanical performance; ship 
hulls require slippery anti-fouling coatings to prevent adhesion of biofilm, bar-
nacles, and mussels for maintaining structural integrity and locomotive efficien-
cy,29 and motor vehicle windshields on roads and in the air require non-stick lu-
bricious coatings (e.g. Rejex®) to prevent adhesion of insects, other animals, and 
biological debris. In addition to topics involving animal and animal systems 
physiology, biotribology of plants has been studied in applications relating to 
frictional resistance to water flow in plants30 and plants’ ability to passively catch 
arthropodic prey via slippery surfaces,31 the latter informing the growing inter-
disciplinary field of plant biomimicry, reviewed elsewhere.32 Taken together, 
these examples highlight the vast range of length scales and levels of biotic or-
ganization over which biotribological principles govern significant biological 
functions (Figure 1.2). 
 Lubricant function is governed significantly by structure of the surfaces 
and interacting macromolecules at the site of articulation; just as dissolved and 
surface-localized macromolecules play significant roles in conventional 
tribological systems,33 so too does biolubricant structure define biotribological 
outcomes. Human biolubrication is often mediated by aqueous solutions of mac-
romolecules, macromolecule assemblies, and high-molecular weight biopoly-
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mers. Shear forces are transmitted to and dissipated by the naturally occurring 
biolubricants at the site of articulation, and common to many biolubricants is the 
importance of chemical functionality, structure, and conformation in their ability 
to provide extremely low, non-damage-inducing friction to their host surfaces. 
Mucins, the glycosylated bottle-brush-structured proteins found in saliva and 
mucus, bear hydrophilic hydroxyl, carboxyl, sulfate, and amino groups, and 
form lubricating gels through intermolecular complexation (Figure 1.3a).34, 35 In 
addition to forming bulk gels with local viscosities sufficient to maintain a gel 
film separation between apposing surfaces, mucin-like glycoproteins function as 
effective boundary lubricants in low viscosity conditions,36 forming surfacial 
monolayers (e.g. on the cornea, teeth, and articular cartilage superficial layer) 
with structural features such as loops,37 trains, and dense polysaccharide brush-
es36 which repel interfacial contact (Figure 1.3b). Assemblies of phospholipids are 
excellent boundary lubricants,38 due to several mechanisms including hydration 
lubrication39-41 and roller-bearing-type lubrication (Figure 1.3c).42, 43  High mo-
lecular weight linear polysaccharides confer tissue lubrication even in the absence 
of conjugation to a protein core, exemplified by hyaluronic acid (HA) lubricating 
articular cartilage (Figure 1.3d). Many examples of biological lubrication, includ-
ing many of those described below, involve at least one of these classes of mac-
romolecules; hydrophilic polysaccharide chains, whether in linear or branched 
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form, or attached to a peptidic backbone, constitute the majority of lubricating 
macromolecules in animals. 
1.3 Tissues of interest, and associated diseases 
 The following section highlights several key tissues and interfaces of 
biotribological importance, and describe the states of disease associated with in-
adequate tissue lubrication or weakened structural integrity at each bodily site 
(Table 1.1). 
1.3.1 Eye 
 Tissue interface: Eyelid—cornea. The human eye is a critical organ for 
vision and sense of sight. The tissues through which light passes before striking 
photoreceptors necessarily must allow light to be transmitted without significant 
distortion; the human body has evolved to control this passage of light be ensur-
ing that these tissues remain hydrated and smooth. The outermost permanent 
tissue of the eye is the cornea; to keep the cornea protected from damage, and 
also to keep it hydrated, the outermost tissue of the eye is a non-permanent bar-
rier, or the eyelid. As corneal scratching, inflammation, or other general degener-
ation disrupts optical transmission through the eye, and given that the human 
eye blinks roughly 20,000 times per day,44, 45 friction between the eyelid and cor-
nea must be dissipated in order to avoid tissue damage, and this lubrication is 
largely mitigated by tear film. Tear film contains soluble mucins as well as phos-
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pholipids, and both of these macromolecules exist in the fluid film as well as ad-
sorbed to the corneal and eyelid articulating surfaces to function as boundary 
lubricants. The film also contains antimicrobial proteins and growth factors. 
 Disease: Keratoconjunctivitis sicca (dry eye). Various pathologies caus-
ing discomfort to the eye when blinking are colloquially termed dry eye. Insuffi-
cient lachrymation or xerophthalmia, clogged or poorly-functioning tear ducts, 
inflammation, or other pathologies may cause dry eye.46 The articulating eye sur-
faces may not have a sufficient mucin concentration coating the sites of friction, 
or the tear film viscosity may be altered, also affecting magnitude of friction. The 
most common treatment for dry eye involves over-the-counter eye drops known 
as artificial tears that directly administer lubricating macromolecules such as HA 
to the articulating eye interface.47  Artificial tears restore not only lubricants, but 
also optimal tear film viscoelasticity and osmolality.48 The many native and non-
native polymers found in artificial tears, along with additional dry eye treat-
ments, will be described in section 1.4. 
1.3.2 Mouth 
 Tissue interface: Tongue—inner mouth. Frictional forces in the mouth, 
modulated by saliva’s lubrication, significantly affect sensory experience of foods. 
Tooth brushing also significantly affects daily life, exemplified by direct investi-
gation of degree of glycosylation of mucin films on teeth and finding that molec-
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ular level structural changes influence perceived lubrication.37, 49 Moreover, the 
physical movements related to speech require low-friction sliding of the tongue 
against other soft and hard tissues in the mouth. Saliva contains an abundance of 
salivary mucins which increase viscosity as well as form boundary-lubricating 
gels. 
 Disease: Xerostomia (dry mouth). When insufficient lubrication is pro-
vided to the tongue—inner mouth interface, several pathologies may result in-
cluding poor speech, chewing, and swallowing, as well as discomfort. A leading 
treatment of dry mouth is the administration of lubricating sprays, gels, and 
rinses known as artificial saliva.50 While these lubricants relieve symptoms for pa-
tients, other treatments aim to address underlying pathologies, and are discussed 
later. 
1.3.3 Gastrointestinal tract 
 Tissue interface: Intestine—stool. Food is lubricated by mucosal secretions 
and fats for its entire duration in the gastrointestinal tract; as soon as food enters 
the mouth it is lubricated by saliva, a specific type of mucosal secretion, and it 
continues to be lubricated by mucin-containing fluids throughout its passage 
through the esophagus, stomach, and intestines. In all compartments of the small 
and large intestine, food (called chyme and later stool upon its further digestion) 
articulates along the inner intestinal lumen and is lubricated by mucinous glyco-
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proteins to dissipate shear forces that would otherwise damage the gut lumen. In 
addition, fats and oils present in ingested food serve to lubricate stool. 
 Disease: Intestinal dryness. Several pathological states cause poor lubri-
cation of stool passing through the gastrointestinal tract. Dehydration causes 
more moisture to be absorbed from the stool, yielding drier and less elastic stool 
which exerts greater frictional forces on the intestinal lumen. Mucosal secretions 
in the lumen may also function poorly, thus withholding the mucin-containing 
fluid that is required to lubricate stool for pain-free articulation through the gas-
trointestinal tract. These disease states can cause constipation and pain. Laxatives 
are a class of ingestible treatments that aid in passage of stool, and are catego-
rized in several classes. Stimulant lubricants irritate the inner intestinal wall and 
thus drive increased mucosal secretion, osmotic laxatives or stool softeners func-
tion by retaining water within the stool or electrostatically driving the uptake of 
water by stool, and lubricant laxatives directly provide friction-lowering macro-
molecules to the intestine-stool interface. 
1.3.4 Abdomen & peripheral musculoskeletal system 
 Tissue interface: Abdominal organ—surrounding tissue, tendon—
surrounding tissue. The exterior surfaces of nearly all abdominal and pelvic or-
gans are coated with the ubiquitous class of fluid that lubricates many bodily tis-
sues: mucous. Secreted mucins are a major constituent of the fluid, as well as sur-
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faced-adhered polysaccharides including those found in the extracellular matrix 
glycocalyx. Likewise, the exterior surfaces of tendons, ligaments, and muscles are 
lubricated by both viscous fluids as well as by boundary-lubricating polysaccha-
ride-derived macromolecules. All of these intracorporeal organs and tissues must 
be able to articulate against and glide over one another during normal locomo-
tion; all somatic muscle movements, from producing speech to walking, require 
musculoskeletal tissues be sufficiently lubricated to withstand single articula-
tions as well as a lifetime of such articulation. In the abdomen, organs must be 
free to translate over each other during normal daily movements. 
 Disease: Post-surgical (including peritendinous) adhesions. Upon surgi-
cal or other disruption to abdominal organs or tendons (along with myriad other 
tissues in the body), the resulting scar tissue may disrupt the low-friction sliding 
of these tissues and fibrous adhesions may result. The early stages of adhesion 
formation involve reduced lubrication of the tissue interface, i.e. increased fric-
tional forces which oppose sliding and instead form attractive interactions as the 
fibrous scar tissue begins to form. This phenomenon occurs as part of the natural 
healing process following incision, and also can form aberrantly in conditions 
such as adhesive capsulitis (frozen shoulder).51 Trauma following adhesion of the 
stomach, intestine, kidney, liver, and uterus to surrounding tissue causes severe 
organ system complications,52, 53  and similar adhesion of tendons to surrounding 
tissue greatly impairs motor function and causes pain.54 Thus prevention of such 
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adhesions is of critical importance. Numerous drug- and material-based strate-
gies, along with alternate therapeutic techniques, exist to prevent post-surgical 
adhesions from forming (with a leading strategy being liquid or solid lubricious 
barriers or coatings).55, 56  
1.3.5 Reproductive system 
 Tissue interface: Vagina—penis. Human reproduction classically in-
volves insemination via vaginal-penile intercourse. The vaginal mucosal mem-
brane secretes a mucin-rich fluid which serves as a lubricant to mitigate the fric-
tional forces between the inner walls of the vagina and the male penis during ar-
ticulation, which involves, on average, approximately 100-500 thrusts.57 A sensa-
tion of adequate lubrication is desirable by many sexual partners,58, 59 and insuf-
ficient reduction of friction at this interface can cause microtrauma to the vaginal 
mucosa60 and discomfort for both partners.61-63 Direct vagina—penis contact does 
not occur when a barrier product such as a latex condom is used; in this tissue—
biomaterial configuration, latex articulates vaginal wall and is naturally lubricat-
ed by vaginal mucosal secretions and/or by exogenous fluids known as personal 
lubricants, which are used to increase pleasure and to reduce potential for con-
dom breakage or tissue trauma.64 
 Disease: Vaginal dryness. Vaginal dryness affects pre- and post-
menopausal women (with a greater prevalence among the latter) due to a variety 
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of underlying pathologies, and the most common symptom is insufficient pro-
duction of vaginal mucosal secretions.65 The resulting painful sexual intercourse 
that may occur is known as dispareunia,26 and may significantly hinder sexual 
function. Personal lubricants deliver reduced discomfort and increased pleasure 
during intercourse,66-68 and are typically water-, silicone-, or oil-based liquids.69 
When latex instead of penile tissue articulates against the vaginal mucosa, many 
individuals report reduced pleasure,58 and this sensation may be due in large 
part to increased friction. Personal lubricants are often used along with condoms, 
with the objective of providing improved tissue—biomaterial lubrication. 
1.3.6 Excretory system & peripheral vascular system 
 Tissue interface: Urethra—biomaterial, vascular lumen—biomaterial. 
Urinary catheters allow passage of urine from the bladder to the exterior of the 
body when the required muscles and other bodily systems required for physio-
logically healthy urination are inoperative.70 Catheters may be intermittent or in-
dwelling, the latter referred to as a Foley catheter. Frictional forces exerted upon 
insertion and removal of the device, as well as during daily life wherein gravity 
may exert downward forces, arise from kinetic or static friction of the catheter’s 
exterior against the urethral lumen. Likewise, vascular catheters passing through 
blood vessels exert frictional forces that are reduced by the polysaccharide-rich 
glycocalyx of the vascular lumen. Another medical device that must similarly 
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pass through vasculature is a guidewire, and these frictional forces possess a 
similar potential for trauma. 
 Disease: Catheter-induced trauma, guidewire-induced trauma. Urinary 
catheters do not commonly cause urethral irritation due to biomaterial advances 
over the past several decades, and long-lasting trauma is rare.71 However, fric-
tion-related discomfort is experienced by many patients. Likewise, vascular cath-
eters and guidewires cause trauma when is lubrication is insufficient. Several hy-
drophilic, lubricious polymers have been implemented in catheter and guidewire 
coatings to minimize shear forces transmitted to the lumen upon insertion and 
removal.72 Various types of catheters, including balloon catheters, interface with 
tissues such as the urethral lumen (urinary catheters), venous lumen (peripheral-
ly inserted central catheters, PICCs, or central line catheters), and anus (transanal 
catheters). Coatings for such catheters and guidewires have been reviewed ex-
tensively elsewhere,73-76 and are non-exhaustively highlighted in the sections be-
low. 
 Disease: Urinary incontinence. Aside from urinary incontinence arising 
from temporary pathophysiological changes, the muscles controlling urethral 
sphincters experience mechanical fatigue over decades of use and result in age-
related urinary incontinence. This disease of tissue fatigue results in reduced 
elasticity in the soft tissue adjacent to the urethral sphincters, and the sphincters 
cannot remain fully closed during normal daily activities. Biomaterial treatments 
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that address the fatigue-prone properties of aging sphincters to impart fatigue-
resistance are under development. 
1.3.7 Synovial joint 
 Tissue interface: Articular cartilage—articular cartilage. Articular carti-
lage is the hydrated soft tissue lining the ends of articulating bones in 
diarthrodial synovial joints. The tissue supports loads and provides a low friction 
interface between opposing bones. The structure of such cartilage directly influ-
ences its function; an extracellular matrix of predominantly type II collagen, 
anisotropically configured, confers resistance to tensile deformation (i.e. a re-
sistance to expanding laterally when compressed normally), and negatively 
charged glycosaminoglycans, the side chains of aggrecan molecules, provide 
compressive resistance by i) electrostatically resisting the condensation of like-
charges, ii) entropically favoring occupation of multiple spatial states of configu-
ration, related to polymer gyration radius, and iii) imparting a hydrophilicity to 
the tissue’s matrix that causes water molecules to be strongly immobilized within 
the tissue. In fact, water constitutes 65-85% of the volume of most mammalian 
species’ articular cartilage, and water plays a significant biotribological role in 
cartilage lubrication (as it does in most biolubrication). 
 The native lubricant bathing articular cartilage is the synovial fluid, con-
taining the linear polysaccharide HA of molecular weight spanning 2-5 MDa (in 
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healthy human synovial fluid) to provide the fluid a viscosity approximately 
three orders of magnitude greater than saline, allowing for maintenance of a vis-
cous fluid film separating the cartilaginous surfaces upon sliding.77 The glyco-
protein lubricin is similar to some mucinous glycoproteins, and provides 
hydrophilicity at the tissue surface to dissipate frictional forces.78 Phospholipids 
at the articular cartilage surface also provide efficient boundary lubrication; 
phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin are the 
most abundant lipid types among those found in synovial fluid, with oleic acid 
being the most common fatty acid constituent of the phospholipids.79 
 In addition to providing wear-resistance at the cartilage surface, structural 
macromolecules throughout the tissue bulk confer fatigue resistance to the cycli-
cally loaded tissue. Whereas the glycoprotein lubricin structurally features rela-
tively short side chains (di- and tri-saccharides) compared to backbone length, 
aggrecan macromolecules contain relatively longer side chains relatively to their 
peptidic backbone length, and the hydration along these polysaccharide side 
chains allows the applied load to be supported predominantly by the interstitial 
fluid phase of the tissue, and only minimally by the solid matrix of the tissue. 
This phenomenon allows healthy tissue to endure decades of pressure without 
weakening in compressive strength or elasticity. 
 Disease: Osteoarthritis. Osteoarthritis is a chronic debilitating disease 
that affects weight bearing synovial joints in many animals. As osteoarthritis 
16 
progresses, the concentration and molecular weight of synovial fluid HA de-
creases, thereby deteriorating its rheological and friction-lowering properties.80 
Ultimately boundary mode lubrication prevails in advanced osteoarthritis, which 
is associated with increased friction opposed to fluid film mode lubrication.81 A 
clinical treatment known as viscosupplementation involves the intraarticular injec-
tion of viscous solutions intended to restore effective biolubrication to the syno-
vial joint, and several preclinical cartilage-lubricating technologies are under de-
velopment. 
 Concomitant with the deterioration of HA in the fluid bathing the carti-
lage, depletion of glycosaminoglycan length and concentration within the carti-
lage bulk increases tissue permeability, which decreases interstitial fluid load 
support (i.e. the proportion of compressive load supported by the tissue’s fluid 
phase) and increases fatigue as solid-solid contact becomes dominant.82, 83 Efforts 
to strengthen and reinforce fatigue-prone articular cartilage are described below. 
1.3.8 Skin 
 Tissue: Dermis. The outermost vascularized layer of the skin—the der-
mis—experiences many physical interactions with an animal’s surroundings 
throughout daily life, and is protected from frictional forces by the avascular 
outermost skin layer, or epidermis. Shear forces acting upon the skin are dissi-
pated by a combination of sloughing of atrophic epidermal cells and barrier pro-
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tection provided by dermal hair. Dermal and epidermal biolubrication is distinct 
from many of the other subtypes of lubrication discussed in that, for mammals 
and other land-dwelling animals, fluid lubrication is not the dominant mode of 
protecting the tissue from frictional forces; instead, boundary-mode friction 
tends to operate under most daily conditions for mammals. Resisting damage 
occurring from excessive frictional forces is biologically important in order main-
tain healthy physiology, including mechanochemical transduction (i.e. sense of 
touch), integrin-mediated cell signaling, and generally keeping intracorporeal 
organs contained within the body.84 
 Disease: Xeroderma (dry skin). During periods of relatively low humidity 
or in disease states affecting water balance throughout the body, dry skin may 
occur. Various lotions, creams and other tissue protectants contain lubricating pol-
ymers which both improve user satisfaction with the application of such prod-
ucts, and further serve to maintain the tissues’ hydration (the role of many hu-
mectants) and thus prevent frictional forces from damaging skin were it dehy-
drated.85 
 Disease: Chronic wounds. Venous, diabetic, and pressure ulcers, along 
with other types of chronic wounds including chafing (e.g. diaper rash) are exac-
erbated by dermal frictional forces. In some instances, skin friction not only 
worsens but also initiates the wound. Typically, such wounds are covered with a 
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barrier product, often either a solid substrate or a viscous gel, to allow frictional 
forces at the injured site to be dissipated and minimize pain.86 
1.3.9 Hair 
 Tissue interface: Hair—hair. Animal hair experiences frictional forces 
from wind and surrounding solid objects over the course of daily life. For exam-
ple, humans may brush or comb their hair, or wear a hat or other headwear 
which exerts substantial shear forces on the hair. Additionally, many humans 
sleep while resting their head on a pillow, imparting compressive and shear 
forces. As in the case of skin friction, hair friction is typically mitigated through 
dry modes of lubrication for land-dwelling animals; hair fibers are made of the 
protein keratin, and boundary lubrication mechanisms of the proteinaceous fibers 
allow sliding with minimal damage to the macromolecular structure of the hair 
under optimally healthy conditions. 
 Disease: Dry/damaged hair. Hair-comprising keratin can exhibit several 
pathologies which give rise to dry hair.87 In addition to inherent biological altera-
tions, environmental conditions such as humidity affect hair fiber properties in-
cluding the appearance of dryness.88 Various shampoos and conditioners aim to re-
store lubricity to hair fibers by strengthening the fiber itself or by depositing 
boundary-lubricating macromolecules to the hair surface. 
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1.4 Therapeutic strategies 
 As a result of disease processes, injury, or many decades of gradual mate-
rial wear and fatigue, tissue tribological and bulk structural properties may 
worsen, causing sub-optimal or even painful outcomes. To meet the needs of pa-
tients with such conditions, drugs (sections 1.4.1.1-1.4.1.2) or gene delivery meth-
ods (section 1.4.1.3) are used or investigated to stimulate the body’s endogenous 
production of lubricants. Additionally, the replenishment of naturally-occurring 
biolubricants to the poorly lubricated interface is a widely utilized therapy to ad-
dress the tissue’s malfunction (section 1.4.2.1). In addition to naturally-occurring 
lubricious macromolecules, synthetic polymer lubricants (often biomimetic in com-
position and structure) are used as therapeutic tissue tribosupplements (section 
1.4.2.2). Beyond altering friction at the surface of tissues, reinforcement of tissue 
bulk either by crosslinking (section 1.4.3.1) or by bulk reinforcement (section 
1.4.3.2) improves wear- and fatigue-resistance. Alternate (non-drug and non-
material) therapies for augmenting biolubrication also exist, providing further 
motivation for continued development of new non-conventional therapies (sec-
tion 1.4.4). 
1.4.1 Drugs 
 Both small and large molecule drugs, as well as newer gene therapies, are 
utilized for restoring optimal biotribological tissue properties (Table 1.2). 
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1.4.1.1 Small molecules 
 Keratoconjunctivitis sicca (dry eye). Dry eye may be treated with cyclo-
sporine, a multi-use anti-inflammatory peptide macrocycle.89 To relieve dry eye 
symptoms, additional common anti-inflammatory drugs such as the glucocorti-
coid methylprednisolone are used.90 Recently, female sex has been shown to be a 
risk factor for increased incidence of dry eye, and thus androgens such as testos-
terone may be therapeutically administered to mitigate symptoms.91 
 Xerostomia (dry mouth). Insufficient saliva production is treated with the 
small molecules pilocarpine (Salagen®) and cevimeline (Evoxac®), among several 
additional cholinergic agonists, to stimulate saliva production and secretion in 
the treatment of dry mouth.50 
 Intestinal dryness. The family of anthraquinone derivatives known as 
senna or senna glycosides (Senokot®) functions as a stimulant laxative and irri-
tates the colon to increase intra-colonic fluid secretion to lubricate stool as it 
passes through the intestinal lumen.92 Other small molecule stimulant laxatives 
include bisacodyl (Dulcolax®), bisoxatin, and sodium picosulfate.93 Castor oil 
similarly has drug-like activity as a stimulant laxative, increasing intestinal secre-
tions to aid in passage of stool via its active fatty acid, ricinoleic acid, binding to 
prostaglandin EP3 receptors in the intestine.94 
 Post-surgical adhesions. Locally administered ibuprofen prevents 
peritendinous adhesions following tendon repair in an in vivo chicken model fol-
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lowing flexor digitorum profundus incision.95 Corticosteroids, e.g. halcinonide 
(Halog Cream®), also show preclinical efficacy in reducing severity of 
intraperitoneal adhesions after cecum surgery.96 Heparin, while a naturally-
occurring polysaccharide, has drug-like activity in its anticoagulant and fibrinol-
ysis-promoting activity.97 
 Vaginal dryness. Hormone therapy, particularly administration of estro-
gen, is widely used to mitigate symptoms of menopause including vaginal dry-
ness,98 although estrogen’s use is more so directed towards treating osteoporosis 
and less so towards vaginal lubricant secretion.99 Another steroid, tibolone 
(Livial®), clinically reduces vaginal dryness.100 These steroids stimulate a multi-
faceted biological cascade of hormone levels in the body, one outcome of which 
is increased vaginal mucosal secretion. 
 Osteoarthritis. The monosaccharide glucosamine may be taken as an oral 
supplement with the intention of incorporating the structural component into 
diseased tissue to strengthen it.101 However, glucosamine is regulated as a sup-
plement and not as a drug, and its efficacy and mechanism of potential action 
remain unclear.102 Methylsulfonylmethane or MSM improves clinical symptoms 
of osteoarthritis when taken as an oral supplement.103 Chondroitin sulfate is not 
conventionally classified as a small molecule, but it is similar to glucosamine and 
methylsulfonylmethane in that it is orally administered as a supplement intend-
ed to incorporate into the diseased animal’s cartilage to improve biotribological 
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properties.101 Among equine patients, it is often co-administered with glucosa-
mine and HA (Polyglycan®) and clinically provides improvement in animal mo-
bility.104 Several other oral supplements with purported or possible drug-like ac-
tion in treating osteoarthritis—so-called nutraceuticals—have been reviewed 
elsewhere.105, 106 
1.4.1.2 Biologics 
 Keratoconjunctivitis sicca (dry eye). A recent clinical trial demonstrates 
that autologous human serum delivered via eye drops relieved dry eye symp-
toms.107 Serum upregulates production of the lubricating mucin MUC-1 in vitro 
and the authors postulate that the combination of growth factors and serum pro-
teins both stimulated biological response from the patient in the form of 
upregulated tear production as well as delivered essential tissue-protective pro-
teins to the ocular surface. 
 Xerostomia (dry mouth). Interferon α delivered by lozenge increases sali-
vary output and decreases complaints related to dry mouth in a phase II clinical 
trial.108 The placebo-controlled trial ruled out the effect of the lozenge alone on 
stimulating saliva production (see section 1.4.4 Other therapies).  
1.4.1.3 Gene therapies 
 Keratoconjunctivitis sicca (dry eye). The delivery of interleukin-17 recep-
tor via adenovirus-5 vector mitigates dry eye symptoms in a murine model;109 
efficacy has not yet been assessed in humans. 
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 Osteoarthritis. The delivery of the gene encoding the glycoprotein 
lubricin to mice knee joints via adeno-associated viral vector protects against de-
velopment of age-related as well as post-traumatic OA.110 
1.4.2 Biolubricants 
 For the purposes of this review chapter, natural lubricants include those 
macromolecules and materials that are naturally-occurring lubricants in biologi-
cal systems (either native to the target biological site of use, e.g. mucins for lubri-
cating dry mouth, or non-native to the target site, e.g. a plant biopolymer used 
for treating an animal’s dry skin) (Table 1.3). Synthetic lubricants include macro-
molecules and materials that are synthesized not via naturally-occurring pro-
cesses in biological systems, but rather through advances in synthetic polymer 
chemistry and materials processing. 
1.4.2.1 Natural lubricants 
 Keratoconjunctivitis sicca (dry eye). HA, present in native tear film, may 
be administered as an active component in artificial tears to restore corneal and 
eyelid lubricity (e.g. Hylo-Vision®).111 A technique to concentrate HA on the sur-
face of contact lenses is described, wherein a HA-binding peptide covalently at-
taches to the lens surface;112 this technique increases the amount of surface-
bound HA and water molecules.113 Cellulose derivatives, including 
carboxymethylcellulose, hydroxyethyl cellulose, hydroxypropyl cellulose, 
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hydroxypropyl methylcellulose, and methylcellulose, are also commonly used 
(e.g. Genteal® and Tears Naturale®).48 Dextran is yet another polysaccharide used 
for this purpose (e.g. Visine Tears®), modulating friction as well as viscosity.48 
 Xerostomia (dry mouth). A mucin-containing spray (Saliva medac®) re-
lieves dry mouth symptoms, particularly among older patients.114 Cellulose de-
rivatives and xanthan gum are contained in the Biotene®-brand series of oral 
sprays, gels, and oral rinses.115  
 Intestinal dryness. A gel-like fraction of the fibrous content of psyllium 
seed husk relieves symptoms of constipation by lubricating stool on its passage 
through the gastrointestinal tract.116 In addition to having drug-like effects as 
discussed above, castor oil is a plant-derived lubricant that directly reduces fric-
tion of stool translocating through the gastrointestinal tract.94 
 Post-surgical adhesions. Several gel lubricants and solid barrier lubricants 
derived from naturally-occurring biopolymers are commercially available for 
preventing post-surgical adhesions of pelvic (ovary, uterus), abdominal (intes-
tine, stomach), and thoracic origin. A gel-like solution of the glucose-polymer 
icodextrin (Adept®), commercially available in the United States since 2006, pre-
vents adhesions intraperitoneally following laparoscopic gynecological 
surgery.117 Ferric hyaluronate (Intergel®), approved by the United States Food 
and Drug Administration (FDA) in 2001, is also indicated for adhesion-
prevention following gynecological surgery,118 although it was voluntarily with-
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drawn from the market following reports of post-operative pain and inflamma-
tion known as possible Intergel reaction syndrome.119 A HA solution 
(Sepracoat®) was rejected for FDA-approval in 1997 for adhesion prevention after 
laparoscopic gynecological surgery.120 Related products, however, have been 
used clinically when in combination with carboxymethylcellulose and in solid 
barrier form factor rather than viscous liquid. A solid substrate made of HA and 
carboxymethylcellulose (Seprafilm®) is indicated for preventing adhesions fol-
lowing several surgical procedures including uterine myomectomy,121 intestinal 
resection,122 and general intraperitoneal surgeries.123 In contrast to this pre-
formed solid barrier, an alternate HA/carboxymethylcellulose formulation 
(Sepraspray®) is comprised of a powder which is sprayed onto the site of interest, 
although this product is not yet FDA-approved.124 A regenerated cellulose mesh 
(Interceed®) is among the most long-standing approved adhesion barriers, and is 
indicated for prevention of adhesion following endometriosis repair and other 
gynecological surgery.125  
 Vaginal dryness. Cellulose derivatives, including hydroxyethyl cellulose, 
are found in a variety of personal lubricants for decreasing friction and increas-
ing a gliding sensation during sexual intercourse (K-Y Liquid® and Jelly®).69 Pec-
tin is another polysaccharide derived from plant cell walls that is used in a vagi-
nal moisturizer product (Summer’s Eve®).126 
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 Catheter- and guidewire-induced trauma. While the majority of catheter-
coating polymers are synthetic, chitosan, when derivatized with amphiphilic fat-
ty acids to coat endovascular stents, reduces friction in vitro compared to non-
coated stents.127 
 Osteoarthritis. To treat osteoarthritis, HA is intraarticularly injected 
(known as viscosupplementation) to prevent cartilage wear in osteoarthritis.128, 
129 The intended mechanism of action of these viscous or gel-like aqueous medi-
cal device solutions is to restore viscosity and thus lubricity to the articulating 
surfaces of joints. Linear HA products (Supartz®, Orthovisc®, Euflexxa®, 
Hyalgan®, Gel-Syn 3®, and Genvisc 850® FDA-approved; numerous products ap-
proved outside US) are generally metabolized more quickly, whereas crosslinked 
HA products (Synvisc®, Synvisc-ONE®, Monovisc®, Gel-One® FDA-approved) 
clear from the joint relatively more slowly, with intraarticular residence time 
half-lives of up to approximately 9 days (Table 1.4).130 However, the American 
Academy of Orthopedic Surgeons recently ceased to recommend 
viscosupplementation due to the lack of a clinically meaningful benefit for the 
majority of patients.131 HA viscosupplements are administered not only to hu-
mans, but to horses and companion animals as well (e.g. Hyvisc®, Hyalovet®, 
Legend®, and Hylartin V® FDA-approved, with numerous others approved out-
side US). 
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 In addition to delivery via intraarticular injection, HA is administered 
orally as a supplement (Oralvisc®) and clinically relieved knee pain symptoms 
and improved function.140 In the veterinary field, horses react relatively more 
positively than do humans to intravenous HA as yet another HA administration 
route.141 
 A technique to concentrate HA on cartilage surfaces is reported, wherein a 
heterobifunctional poly(ethylene glycol) (PEG) chain links a HA-binding peptide 
to the tissue surface (either through attachment to free amines or via a collagen-
type-II-binding peptide; this technique reduces ex vivo cartilage friction and in-
creases in vivo retention of HA in a rat model.112 The PEG linker is believed not to 
serve a lubricating role in this study. 
 Hydrophobically-modified HA is also investigated, prepared via several 
coupling mechanisms to attach butyl142 and hexadecyl (Hymovis®)143, 144 func-
tional groups to the HA backbone. Intra- and inter-chain hydrophobic interac-
tions are intended to provide increased stability to associative HA conglomer-
ates. 
 HA is also co-delivered with a steroid (e.g. triamcinolone acetonide) to fur-
ther reduce pain symptoms,145-147 although the steroid’s effect does not directly 
influence biolubrication. Cingal® is CE-marked for this indication. 
 Another lubricious macromolecule, lubricin, is also directly injected into 
osteoarthritic joints. Such tribosupplementation demonstrates chondroprotective 
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effects in rat models of osteoarthritis;148,149 the technique is not currently ap-
proved for use in humans. 
 Phospholipid administration demonstrates clinical benefit in treating os-
teoarthritis. Both liposomes150, 151 and micelles (Flexiseq®)152 relieved osteoarthri-
tis-related knee pain in clinical studies. Co-administration of phospholipids with 
HA prevented cartilage damage in a rabbit model of osteoarthritis.153 
Phospholiposome coatings on silk microspheres also reduce glass-on-silicon fric-
tion in vitro;154 lubrication of tissue has not been reported to date. 
 Not native to the human knee as a primary lubricating macromolecule, 
chitosan is generally safe upon intraarticular injection and is used in microbead 
form155 (Arthrovisc®) as well as in combination with HA156, 157 (Chi2Knee®) for 
protection of osteoarthritic cartilage. Both of these products are approved outside 
the United States and have demonstrated clinical pain reduction. The 
HA/chitosan combination product protects cartilage from degeneration in a rat 
meniscectomy model of osteoarthritis.158 
 Alginate, formulated in combination with chitosan as microgel particles 
suspended in a chitosan hydrogel fluid, shows efficacy in preventing develop-
ment of osteoarthritis in a rabbit model of osteoarthritis.159 
 Another hydrophilic polymer, poly(γ-glutamic acid), is not natively found 
in the human body, but is in a variety of medical and food applications.160 
Poly(γ-glutamic acid) is under development for intraarticular injection in treating 
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osteoarthritis, although it is unknown whether its mechanism of action relates to 
lubrication, sequestration of inflammatory agents, or a combination of both phe-
nomena.161  
 Xeroderma (dry skin). Carnauba wax, found in ChapStick®-brand lip pro-
tectants, is a plant-derived wax that both lubricates skin surfaces due to the low 
frictional forces required to shear the long-chain aliphatic esters in the wax and 
also serves as a barrier to reduce skin dehydration by wind and dry air.162 
 Chronic wounds. Chronic wounds such as ulcers are treated by a variety 
of naturally-occurring polymers. A calcium alginate-covered gauze reduces the 
amount of granulation tissue and causes less pain upon dressing change com-
pared with petroleum jelly-covered gauze.163 Alginate-based dressings are also 
effective in treating chronic skin ulcers.164  
 Dry/damaged hair. Naturally-occurring biopolymers are often used in 
hair conditioners for their ability to reduce inter-fiber interaction and provide 
longevity to the hair without material degeneration. Cellulose derivatives for 
conditioner applications (and general food, cosmetic, and pharmaceutical indus-
tries) have been reviewed elsewhere,165 and examples include quaternized 
hydroxyethyl cellulose and hydroxypropyl cellulose.166 
1.4.2.2 Synthetic lubricants 
 Keratoconjunctivitis sicca (dry eye). Hydrophilic polymers, such as PVA 
with its abundant pendant hydroxyl groups), are used in artificial tears for 
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lengthened duration of lubricant residence in the eye.167 Their hydrophilic func-
tional groups are chemically inspired by the numerous hydroxyl moieties pre-
sent in cellulose and HA. Additional hydrophilic polymers such as PAA or 
carbomer (Viscotears®),168 PEG,169 and the PEG-containing star polymer 
polysorbate. Povidone is similarly used in lubricating drops (Soothe Hydra-
tion®).170 
 Xerostomia (dry mouth). PAA and PEG are also components in the 
Biotene®-brand series of oral sprays, gels, and oral rinses, along with naturally-
occurring lubricants.115 
 Intestinal dryness. Intestinal dryness may be treated via ingestion of min-
eral oil to lubricate the stool.171 Specific forms of mineral oil used for this purpose 
(lubricant laxatives opposed to classical stimulant laxatives) include liquid paraf-
fin and petroleum jelly or white petrolatum.172 Orally administered PEG 
(Miralax®) is a synthetic polymer for treating constipation, although the mecha-
nism of action is believed to be predominantly as an osmotic laxative and stool 
softener rather than as a lubricant per se.173 Crosslinked PAA (polycarbophil) is 
used in rodents as a laxative; mechanism of action has not to date been deter-
mined to distinguish between lubricant and osmotic laxative / stool-softener.174 
 Post-surgical adhesions. One of the earliest non-native biopolymers to be 
commercially used as an adhesion barrier is poly(tetrafluoroethylene), or Tef-
lon®. An expanded poly(tetrafluoroethylene) fabric (Gore-Tex® surgical mem-
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brane) is used to prevent adhesions during resections as well as  during treat-
ment of pelvic organ prolapse, and outperforms a regenerated cellulose 
barrier.175 In contrast to a membrane derived from native biopolymers, the Gore-
Tex® surgical membrane is typically indicated for removal via follow-up surgical 
procedure. 
 A sprayable barrier containing two PEG solutions with complementary N-
hydroxy-succinimide-activated ester groups and amine groups (SprayGel®) is 
CE-marked and used for adhesion prevention following myomectomy.176 A 
chemically-related barrier system derived from a 4-arm N-hydroxy-succinimide-
activated PEG and trilysine (SprayShield®) is currently CE-marked and is used 
for preventing adhesion following myomectomy177 as well as ileostomy.178 In 
these in situ formed barriers, the crosslinked network breaks down via hydroly-
sis into linear PEG polymers, succinate, and lysine, and is excreted renally. An-
other PEG-containing barrier gel combines PEG with carboxymethylcellulose 
(Intercoat®) and prevents peritoneal adhesions following pelvic surgery.179  
 Poly(γ-glutamic acid) is investigated for prevention of chest wall adhe-
sions following thoracic incision in mice;180 it has not to date been used clinically 
for this application. Poly(2-methacryloyloxyethyl phosphorylcholine) hydrogels, 
formed ex situ181 or in situ,182 repair rat Achilles tendons and chicken flexor 
digitorum profundus tendons. Peritendinous adhesions are prevented in both 
models. Poly(L-lactic acid)-PEG copolymers, electrospun into fibrous mem-
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branes, also prevent adhesions in the chicken flexor digitorum profundus tendon 
repair model.95 
 Vaginal dryness. A variety of synthetic polymers are used in personal 
lubricants for reducing friction during sexual intercourse. PEG is used as a vis-
cosity-modifying lubricant (Astroglide®) in aqueous solutions for use during in-
tercourse, as are PAA (carbomer) and crosslinked PAA (polycarbophil) (Re-
plens®) for use in aqueous vaginal moisturizers.126 
 In contrast to aqueous personal lubricants, which experience drawbacks of 
rapid dissolution in bodily fluids and absorption into the skin, longer-lasting and 
in some instances water-proof silicone personal lubricants have been developed. 
Silicone derivatives such as dimethicone, dimethiconol, and cyclomethicone are 
used in several approved products (e.g. Replens®, Astroglide®, K-Y 
Liquibeads®).183 
 A third class of personal lubricants includes oil-based lubricants. Mineral 
oil is the primary lubricating component in Johnson’s Baby Oil®.64 Petroleum jel-
ly or white petrolatum (Vaseline®) is another oil-based personal lubricant. 
 In addition to lubricating tissue-tissue interfaces, personal lubricants are 
used to lubricate the interface between latex and vaginal mucosa. Many personal 
lubricants, particularly water- and silicone-based varieties, are compatible with 
latex, while some oil-based lubricants erode latex and are not recommended for 
use with condoms.64 While silicone lubricants address some of the shortcomings 
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of aqueous lubricants, they nonetheless are sloughed off at the site of articula-
tion, and the amount of silicone lubricant pre-packaged with most condoms is 
insufficient for many partners.67, 184 To address this unmet need, a lubricious 
photocured PVP-based latex coating increases latex hydrophilicity without sig-
nificantly changing latex thickness or appearance,185 reduces latex friction, and 
appeals to humans via a finger touch test (see Chapter VII). The hydrophilic 
coating has not been evaluated to date for human use. 
 Catheter- and guidewire-induced trauma. PVP is among the most wide-
ly-utilized hydrophilic medical coating polymers,186, 187 is coated onto polyure-
thane stents, and increases lubricity, reduces bacterial adhesion, and reduces 
struvite and hydroxyapatite encrustation via in vitro testing (agar gel used as the 
countersurface for friction testing, artificial urine for encrustation testing).188 One 
urinary catheter (SpeediCath®) coated with PVP requires less withdrawal force 
than a non-coated catheter,189 and another demonstrates significantly improved 
user satisfaction in urethral as well as transanal (Navina®) applications compared 
to non-coated catheters.190 
 A composite hydrogel catheter coating containing PEG and polyurethane 
(Aquavene®) shows similar resistance to encrustation in vitro.191 
 A PVA coating, applied to Foley catheters, shows markedly reduced fric-
tion coefficients in vitro compared to several conventional non-coated catheter 
materials.192 
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 Polydimethylacrylamide, grafted from poly(vinyl chloride) catheters, 
demonstrates a nearly twenty-fold reduction in frictional force against a silicone 
countersurface upon coating with the polydimethylacrylamide.193 
 Zwitterionic polymers, particularly in grafted polymer brush form, are 
widely used as medical device coatings where non-fouling, non-thrombogenic, 
bioinert surfaces are required.194-196 A variety of zwitterionic polymers have been 
interpenetrated with or grafted to or from catheters. Linear poly(sulfobetaine 
methacrylate), grafted from a surface-immobilized peroxy radical initiator on a 
polyurethane central catheter surface (Teleflex®), reduces thrombosis in a 
thrombogenic canine model and decreases broad-spectrum microorganism adhe-
sion in vitro .197 Poly(2-methacryloyloxyethyl phosphorylcholine), coated on a 
polyurethane vascular catheter, reduces nano-scale friction using atomic force 
microscopy.198 
 Osteoarthritis. For treatment of osteoarthritis, several synthetic injectable 
lubricant compositions have been recently investigated. 
 HA mimetics are intended to confer lubrication via increased viscosity as 
well as potential boundary-lubricating effects. The linear polyanionic sodium 
(poly(7-oxanorbornene-2-carboxylate) protects ex vivo articular cartilage from 
wear while resisting enzymatic degradation by hyaluronidase and demonstrat-
ing cytocompatibility in vitro.199 
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 Lubricin mimetics, providing functionality similar to the boundary-
lubricating glycoprotein lubricin, are reported. For example, Israelachvili et al. 
describe a functionalized PMMA backbone, partially grafted with pendant 
poly(2-methacryloyloxyethyl phosphorylcholine) chains in a middle segment 
with a plurality of quaternized 2-(dimethylaminoethyl) methacrylate groups at-
tached near both end segments, to generate a brush copolymer with cationic do-
main end groups for substrate adhesion and a repulsive, lubricating, mucin-like 
domain in the brush’s middle.200 The macromolecule reduces friction in vitro; 
studies using tissue have not been completed. Another lubricin mimetic, synthe-
sized from a chondroitin sulfate backbone modified via maleimidopropionic acid 
hydrazide crosslinking with HA-binding peptides and collagen-type-II-binding 
peptides, forms supramacromolecular assemblies of HA with the chondroitin 
sulfate macromolecule, to attach the lubricating polymers to the articular carti-
lage surface.201 This biomaterial reduces ex vivo cartilage friction and resides 
within in vivo guinea pig knee joints for greater than 6 hours but less than 1 
week. A brush copolymer derived from a PAA core with grafted PEG side chains 
and a thiol end-group for cartilage binding adheres to ex vivo cartilage and re-
duces friction coefficients.202  
 Several other classes of polymeric lubricants are not mimetic, per se, of na-
tive tissue lubricants; however, they are structurally and functionally inspired by 
biologically occurring hydrophilic macromolecules. Lightly crosslinked poly-
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acrylamide networks demonstrate symptom-improving effects in goats, horses, 
and humans following intraarticular injection;203-206 such products are not cur-
rently approved for human use in the United States. Some evidence suggests the 
mechanism of polyacrylamide’s reduction of osteoarthritis symptoms involves 
lubrication of articular surfaces, while other evidence purports cushioning of 
loads and yet additional findings demonstrate integration of the polymer net-
work into the joint synovial lining to provide proximal soft tissues with in-
creased elasticity. 
 Lightly crosslinked poly(2-methacryloyloxyethyl phosphorylcholine) also 
lubricates ex vivo bovine cartilage, providing reduced friction and increased 
cushioning compared to saline and compared to a linear poly(2-
methacryloyloxyethyl phosphorylcholine) analogue (see Chapter II). The authors 
postulate the network polymer morphology improves cushioning via dissipation 
of frictional forces under compression, thus minimizing axial deformation by 
maintaining high interstitial fluid load support within the cartilage. 
 Intraarticular injection of crosslinked PAA or carbomer (Carbopol®) in 
horses appears to induce lameness in the animals by causing synovitis (observed 
via histology 10 days following polymer injection).207 
 Lightly crosslinked PVP or crospovidone, formulated as microgel particles 
when injected into rabbit knee joints, affords minimal inflammatory reaction. The 
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synthetic polymer resides 30 days post-injection.208 Friction or wear studies with 
ex vivo tissue have not been reported to date. 
 Linear PVP is investigated as a lubricant in non-biological systems209 and 
was recently investigated for use as a lubricant of artificial knee joint prosthetic 
materials, namely a titanium alloy paired with ultra-high molecular weight poly-
ethylene.210 The polymer reduces friction coefficients and wear coefficients and is 
more effective at doing so with increased PVP concentration. 
 PVP has been investigated not only as an interfacial lubricant, but also as a 
hydrogel bearing material in combination with PVA in artificial cartilage.211, 212 
These materials demonstrate high strength, low friction, and low wear. 
 PVA is also investigated in a hydrogel form in combination with poly-
acrylamide,213 PAA,214 and PEG.215 Various copolymerization and sequential 
polymerization methods have been studied to improve wear-resistance and lu-
bricity of the PVA-containing cartilage substitute materials. These studies have 
focused on in vitro materials testing, although a recent study demonstrated the 
material’s biocompatibility and mechanical resilience in rabbit osteochondral de-
fect repair model.216 
 Silica nanoparticles grafted with the charged polymer sodium poly(3-
sulfopropyl methacrylate) are recently reported to reduce friction in vitro;217 ani-
mal studies have not to date been completed. The same polymer, grafted to 
38 
poly(N-isopropylacrylamide) microgels, similarly reduces polydimethylsiloxane-
on-silicon friction via bench testing.218 
 Xeroderma (dry skin). Petroleum jelly or white petrolatum (Vaseline®) 
has found many medical uses over the past century since its original application 
for treating lacerations and burns. It is used as a moisture-preserver on the lips 
and hands to prevent chapping, and indirectly functions as a lubricant to reduce 
the frictional force that wind exerts on the skin. 
 Chronic wounds. Petroleum jelly is further used as a lubricant to prevent 
chafing of skin with other contacting materials. For instance, it is used on the but-
tocks to prevent diaper rash among babies and cyclist’s rash among bicyclists, on 
the nipples to prevent chafing during distance running, and on the crotch region 
of athletes. Petroleum jelly may also be used to protect and lubricate chronic dia-
betes-related and ulcerative wounds.219 
 Dry/damaged hair. Various synthetic polymers are used in conditioners 
and shampoos to reduce frictional forces acting upon human hair fibers. Typical 
polymer lubricants include poly(diallyl dimethylammonium chloride) 
(Polyquaternium-6),166 and other linear polyelectrolytes designated in the 
Polyquaternium family.220, 221 In fact, quaternized naturally occurring polymers 
including hydroxyethyl cellulose are designated as Polyquaternium as well. A 
brush polymer having a PEG backbone with grafted poly(L-lysine) side chains 
adheres to human hair fibers and reduce friction in aqueous environments but 
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not in dry environments using nanotribological assessment as determined by 
atomic force microscopy.222  
1.4.3 Reinforcing agents 
 An alternative approach to providing improved lubricating materials in-
volves the strengthening or reinforcement of one or both articulating materials in 
order to prevent wear or fatigue (Table 1.5). 
1.4.3.1 Crosslinking technologies 
 Osteoarthritis. Biotribological properties of cartilage have been augment-
ed in vitro using glutaraldehyde;223 to address the relative toxicity of 
glutaraldehyde, an alternate crosslinking molecule, genipin, is recently described 
and strengthens tissue-engineered cartilage derived from an agarose scaffold224 
as well as a from a cartilage-derived scaffold.225 To the authors’ knowledge, this 
technique has not been applied in vivo to crosslink a patient’s tissue. 
 Pyridinoline or hydroxylysylpyridinoline is a tri-(α-amino acid)-
functional small molecule naturally occurring as a crosslinking moiety between 
type I collagen fibrils.226 While it is minimally present in articular cartilage (pre-
dominantly natively type II collagen), application of pyridinoline crosslinking to 
tissue-engineered articular cartilage increases suture pull-out strength ex vivo 
and in vivo.227 
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1.4.3.2 Bulk reinforcement materials 
 Urinary incontinence. Numerous tissue fillers, approved and in devel-
opment, allow for bulking of the proximal tissue surrounding the urethra for 
treating urinary incontinence. Much overlap exists between this class of macro-
molecules and dermal fillers, as long-lasting, non-migrating fillers are desirable 
for bulking the tissue. For example, a biomimetic, semi-synthetic/semi-natural 
aggrecan, synthesized from a poly(acrylic acid backbone) with grafted chon-
droitin sulfate side chains, increases tissue volume and reduces stiffness when 
injected into ex vivo porcine urethral explants.228  
 Osteoarthritis. Biomimetic aggrecan described immediately above also 
diffuses throughout bovine articular cartilage ex vivo; it has not to date demon-
strated efficacy in improving mechanics of articular cartilage.229 The hybrid syn-
thetic/natural brush polymer is also being investigated for strengthening inter-
vertebral disc to treat degenerative disc disease; the biomimetic aggrecan resists 
enzymatic degradation and increases the compressive modulus of ex vivo inter-
vertebral discs following injection into the nucleus propulsus.230, 231 
 Surfacial treatment of degraded ex vivo cartilage using chondroitin sulfate, 
carboxymethylcellulose, and HA strengthens and reduces compressive defor-
mation during fatigue testing.232 The reinforcing polymers covalently attach to 
the tissue surface via a free radical reaction using UV light and a riboflavin 
photoinitiator. 
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 We recently investigated the friction-lowering properties of a cartilage-
reinforcing biomaterial based on an interpenetrating polymer network  strategy 
of entangling a synthetic hydrogel network within articular cartilage (see Chap-
ter V) The interpenetrating polymer network is synthesized in situ via diffusion 
of biomimetic monomers throughout cartilage tissue followed by green-light-
activated photopolymerization. The interpenetrating network, designed ab initio 
to improve compressive properties and fatigue-resistance of treated tissue, re-
duces cartilage friction coefficient under compressive equilibrium by up to 24% 
in the presence of IPN. 
 The tissue-interpenetrating network also provides fatigue-resistance and 
significantly reduces tissue wear rate and worn volume following cyclic com-
pression and articulation in ex vivo studies (see Chapter IV).233 The treatment has 
not to date been evaluated in vivo. 
1.4.4 Other therapies 
 Xerostomia (dry mouth). Gums, mints, candies, and pastilles, particularly 
those that are sugar-free and contain the sweetener xylitol, are often recom-
mended for stimulation of saliva secretion.234 An alternate method involves 
electrostimulation which, shown in a pilot clinical trial, increases saliva produc-
tion and relieves dry mouth symptoms.235 Similar to those used for dry mouth, 
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lozenges or sucking candies can increase saliva production to coat and lubricate 
the throat and esophagus.234 
 Post-surgical adhesions. Thermal preconditioning has been shown 
preclinically to reduce inflammation and adhesion formation in a rabbit model of 
flexor tendon repair.236, 237 The preconditioning involved incubating the limb for 
twenty minutes at 41.5°C. 
 Chronic wounds. Physical therapies, such as ultrasound, laser therapy, 
and electrical/electromagnetic stimulation, have been clinically investigated in 
the treatment of pressure ulcers. While the number of clinical studies of these 
technologies are limited, and the data collected to date does not demonstrate 
overwhelming benefit provided from these treatments, they may prove benefi-
cial pending additional robust trials.238 
1.5 Outlook 
 In conclusion, a variety of therapeutic strategies are clinically applied and 
preclinically investigated to improve outcomes for patients with suboptimal or-
gan or tissue tribology. For a host of bodily tissues ranging in size (e.g. hair, ca. 
100 µm and skin, ca. 1 m) and critical function (e.g. vision, digestion, reproduc-
tion, circulation, and ambulation), poor lubrication causes loss of structural in-
tegrity, wear, inflammation, and pain. Recently developed and developing 
drugs, biolubricants, reinforcing agents, as well as non-drug/non-material ap-
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proaches, effectively treat biomechanical deficiencies associated with the various 
diseases and injuries described herein. Biotribological principles are ubiquitous 
in nature, spanning wide ranges of physical length scales, levels of biological or-
ganization, and operating conditions (including, inter alia, normal stresses, shear 
stresses, coefficients of friction, articulation velocities, and lubricant viscosities). 
Significant advances in fundamental understanding of biological and biochemi-
cal processes give rise to engineering outcomes that can restore healthy levels of 
wear- and fatigue-resistance to diseased tissues. 
 Several key areas remain clinically challenging to address; osteoarthritis’s 
deterioration of articular cartilage and other synovial joint tissues remains an ar-
ea of active investigation, as humans experience increasingly greater mechanical 
demands from their joints (athletics, work requirements) while living increasing-
ly longer. Additionally, as surgeries are increasingly performed (due to im-
proved surgical outcomes with minimally invasive techniques), there exists a 
growing demand for post-surgical adhesion therapies in sites of the body previ-
ously inaccessible with conventional surgery. New biomaterial delivery tech-
niques, such as targeted localization and in situ formulation, hold promise in fu-
ture investigations of therapeutic biolubricants or reinforcing agents to address 
these emerging unmet needs. Applied research at the interface of synthetic pol-
ymer chemistry, biomechanics, and biomedical engineering (Figure 1.4) holds 
promise in further development of additional biomaterials for supplementing the 
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human body’s biotribological sites of repeated applied stress as we live for in-
creasing years with failure-prone tissues. 
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Table 1.1: Key tissues and tissue interfaces of biological importance, and states of 
disease or injury associated with poor biotribological function. 
 






Common diseases and 
injuries 
Eye (1.3.1)a Eyelid—cornea Tear film Mucins, lipids Keratoconjunctivitis 
sicca (dry eye) 
Mouth (1.3.2) Tongue—inner 
mouth 


























































Xeroderma (dry skin); 
chronic wounds 
Hair (1.3.9) Hair-hair (Dry lubri-
cation) 
Keratin Dry/damaged hair 




Table 1.2: Small molecules, biologics, and gene therapies for treating common 
biotribological diseases and injuries. 
 
Common diseases and 
injuries 





sicca (dry eye) 
 Cyclosporine,89 methylpredniso-







Xerostomia (dry mouth)  Pilocarpine and cevimeline50 Interferon 
alpha108 
 
Intestinal dryness  Senna,92 bisacodyl, bisoxatin, 






 Ibuprofen,95 corticosteroids (e.g. 
halcinonide),96 heparin97 
  
Vaginal dryness  Estrogen,98 tibolone100   














 Natural lubricants (1.4.2.1)a Synthetic lubricants (1.4.2.2) 
Keratoconjunctivitis 
sicca (dry eye) 
 HA,111 HA-binding peptide,112, 113 





 Mucins,114 cellulose derivatives 
and xanthan gum115  
PAA and PEG115 






 Icodextrin,117 ferric 
hyaluronate,118 HA solution,120 




PEG,176-178 PEG and 
carboxymethylcellulose,179 poly(γ-
glutamic acid),180 pMPCb,181, 182 PEG 
and poly(L-lactic acid)95  
Vaginal dryness  Cellulose derivatives,69 pectin126 PEG,69 PAA and crosslinked 
PAA,126 silicones,183 mineral oil,64 









Osteoarthritis  HA,128, 129 HA-binding peptide,112 
hydrophobically-modified 
HA,142, 143 lubricin,148, 149 phospho-





HA mimetics,199 lubricin 
mimetics,200-202 polyacrylamide,203-
206 pMPC,bc crosslinked PAA,207 
linear210 and crosslinked208 PVP, 
cartilage substitutes of PVP and 
PVA,211, 212 PVA and polyacryla-







 Carnauba wax,162 alginate163, 164 Vaseline219  
Dry/damaged hair  Quaternized cellulose derivatives 
(e.g. some polyquaterniums)166 
Poly(diallyl dimethylammonium 
chloride) and other synthetic 
polyquaterniums,166 PEG-g-poly(L-
lysine)222 
a Section heading within manuscript 
b pMPC, poly(2-methacryloyloxyethyl phosphorylcholine) 





















Lapine Fluid 1.5 +/- 






















HA 3H-HA Lapine 15.8h (directb) 




















HA 3H-HA Lapine Not reported Observed 3H2O in 













Lapine 32d (24-46d 
95% CI) 
Whole joint ho-














ma rays counted, 
SF not discretely 
analyzed 
a SF, synovial fluid 
b Direct measurement, 3H-HA signal measured in SF 
c Indirect measurement, 3H2O signal measured in plasma 
d PG, proteoglycan 
e Iodobeads conjugated to PGs 
f Half-lives reported as decay constants of tri-exponential curve fitted to clearance data; 1.5h pos-
tulated to correspond to free linear HA, 1.5d to entrapped linear HA, 4w to crosslinked HA 
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Table 1.5: Reinforcing agents and other therapies for treating common 













 Thermal preconditioning236, 237 
Urinary inconti-
nence 
Biomimetic aggrecans228  
Osteoarthritis Glutaraldehyde,223 genipin,224, 225 
pyridinoline,227 biomimetic 
aggrecan,229 resurfacing with chon-
droitin sul-
fate/carboxymethylcellulose/HA 





 Ultrasound, laser therapy, and 
electromagnetic stimulation238 






Figure 1.1: Hierarchy demonstrating synthetic methods and examples to alter 
tribology, of which substrate modification is a subset, of which polymer conjuga-
tion is a subset. Polymer conjugation to alter biotribology is a significant focus of 





Figure 1.2: Several exemplary tribological systems or interfaces classified by op-
erating biotribological length scale and by level of biotic organization. Nearly all 






Figure 1.3: Schematic representations of common classes of biolubricant macro-





Figure 1.4: Recent advances at the interface of synthetic polymer chemistry, bio-
mechanics, and biomedical engineering have spawned the emerging field of 
therapeutics targeted to improve biotribological properties of wear-resistance 
and fatigue-resistance to prevent injuries, relieve pain, and address other unmet 








PART I: SYNOVIAL FLUID SUPPLEMENT 
  
81 
2. Chapter II. Effect of Polymer Lubricant Architecture on Tissue Friction: Net-
work Structure Provides Cushioning and Lubrication Superior to Linear Struc-
ture 
2.1 Abstract 
Tissue-lubricating aqueous polymer solutions are found natively 
throughout the body at various sites of articulation, including eyelid, mouth, and 
synovial joints, yet fundamental differences in the friction-modulating abilities of 
linear opposed to crosslinked or network polymers remain poorly understood. 
Therapeutic replenishment of naturally-occurring biolubricants has been devel-
oped for treating diseases such as dry eye, dry mouth, and osteoarthritis; howev-
er, synthetic polymer lubricants offer advantages of tunable chemistry and pol-
ymer architecture in obtaining a desired tissue mechanical response. Therefore, 
this study investigates the relationship between polymer structure (linear vs 
network) and mechanical outcomes including lubrication and cushioning using a 
model tissue, knee articular cartilage (Figure 2.1). Using various formulations of 
the bioinspired polymer poly(2-methacryloyloxylethyl phosphorylcholine) 
(pMPC), tunable rheological properties were obtained, with network pMPC ex-
hibiting increased elasticity and viscosity compared with linear pMPC at greater 
concentrations. Tribological tissue testing revealed that both lubricant architec-
tures decrease friction coefficient as well as creep deformation response, while 
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network pMPC reduces creep to a greater magnitude. Moreover, under sequen-
tial pMPC-saline-pMPC friction testing, a near complete recovery of lubrication 
and cushioning was obtained for network pMPC, while recovery was partial for 
linear pMPC, indicating potential advantages of polymer network over linear ar-
chitecture in improving tissue mechanical performance. 
2.2 Introduction 
Numerous bodily tissue interfaces require efficient lubrication for optimal 
physiological function. Sliding contact against mucosal membranes such as the 
eyelid, mouth, esophagus, and intestine, as well as between apposing articular 
cartilage surfaces in the knee and hip, is mediated by aqueous solutions of mac-
romolecules, macromolecule assemblies, and high-molecular weight biopoly-
mers.1-3 Examples of biolubricants include glycosylated bottle-brush-structured 
proteins (mucins),4 glycoproteins (lubricin),5, 6 assemblies of phospholipids,7 and  
polysaccharides (hyaluronic acid)8 (Figure 2.2a). Shear forces are dissipated by 
these naturally occurring biolubricants at the site of articulation reducing tissue 
wear and fatigue.  
 However, as a result of disease processes, injury, or decades of gradual 
material failure, tissue lubrication worsens and causes sub-optimal or even pain-
ful outcomes, such as dry eye and osteoarthritis. To meet the needs of patients 
with such conditions, the replenishment of naturally-occurring biolubricants to 
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the poorly lubricated interface is a recognized therapeutic strategy. For example, 
dry eye is clinically treated by application of artificial tears containing cellulose 
derivatives or hyaluronic acid. Hyaluronic acid is also injected intraarticularly to 
treat osteoarthritis in a procedure known as viscosupplementation. However, 
this procedure has never been shown to prevent or reduce cartilage wear and, in 
2013, the American Academy of Orthopedic Surgeons ceased to recommend it.9 
Given that endogenous biolubricants span linear, lightly crosslinked, and heavily 
crosslinked structures, we reasoned that variations in polymer architecture of 
synthetic polymers would influence lubrication of soft tissues—an unanswered 
question with potentially significant clinical implications.  
 Inspired by the structures and compositions of mucins, lubricin, phospho-
lipids, and hyaluronic acid, we identified poly(2-methacryloyloxyethyl 
phosphorylcholine) (pMPC) as it embodies similar hydrophilic character with 
the coordination of many water molecules per repeat unit, and it can be synthe-
sized as either a linear or network polymer. To determine the friction-altering 
capacity and tribological differences afforded between linear and network lubri-
cants, we performed stress-controlled rheometry on apposed ex vivo articular car-
tilage tissue in the presence of various synthetic polymer lubricants. Specifically, 
we report the: 1) rheological properties of a series of biolubricant solutions; 2) re-
sults from simultaneous compressive creep and torsional disc-on-disc friction 
tests; and 3) performance in an extended, 10,000-cycle wear procedure. Metrics of 
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coefficient of friction and compressive strain, reflecting key attributes of lubrica-
tion and cushioning, respectively, are determined and compared between the 
linear and network polymers. 
2.3 Methods, results, and discussion 
2.3.1 Synthesis and rheological characterization 
 Linear pMPC was synthesized via persulfate-initiated radical polymeriza-
tion of 2-methacryloyloxyethyl phosphorylcholine (MPC) at one of four concen-
trations (2, 5, 8, or 12 w/v%) in the presence of a tertiary amine catalyst; network 
architecture was achieved by random copolymerization of the bifunctional cross-
linking monomer ethyleneglycol dimethacrylate (1% mol /mol MPC monomer) 
(Figure 2.2b). 2-methacryloyloxyethyl phosphorylcholine (MPC), ethyleneglycol 
dimethacrylate (EGDMA), ammonium persulfate (0.05 w/v%), and 
tetramethylethylenediamine (0.1 v/v%) were mixed in deionized water and in-
cubated at room temperature for 24 hours. Polymers were then purified via dial-
ysis against deionized water (7,000 Da MWCO) and resuspended in deionized 
water to afford lubricants with varying polymer concentration (2, 5, 8, and, 12 
w/v%) at constant EGDMA crosslinking density of 1% mol/mol MPC. 
Rheometry of lubricants was then performed at 25°C using an aluminum 2° cone 
geometry (40 mm diameter) with a gap distance of 47 μm (TA Instruments 
AR2000 series). Prior to testing, lubricants were pre-sheared for 10 sec at a shear 
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rate of 2.5 sec-1. A solvent trap was used to prevent lubricant dehydration. Data 
acquisition intervals were logarithmic, with ten acquisition points per decade. 
Oscillatory stress sweeps (0.1 to 100 Pa) at 1 and 2.5 Hz were performed to obtain 
storage and loss moduli G’ and G” in the lubricant’s linear viscoelastic region. 
Reported moduli are averaged over the 11 data points spanning the stress decade 
1-10 Pa (included in both linear and network pMPC’s linear viscoelastic region, 
with error bars representing standard deviation. A frequency sweep (0.1 to 100 
Hz) at a stress (1 Pa) determined to be within the linear viscoelastic region de-
tected during the stress sweeps was performed to observe frequency dependence 
of storage and loss moduli. A continuous flow shear rate sweep (1 to 1000 s-1) 
was performed to measure lubricant viscosity. An oscillatory stress sweep at 2.5 
Hz was performed to obtain storage and loss moduli G’ and G” in the lubricant’s 
linear viscoelastic region (Figure 2.3a). Loss moduli were generally greater for 
network pMPC than for linear pMPC, particularly at increased concentrations, 
the greater viscous nature of network relative to linear polymers at identical so-
lution concentrations being consistent with a branched network’s increased steric 
chain confinement.10 Storage moduli were generally invariant with MPC concen-
tration at 2, 5, and 8 w/v% formulations, but the 12 w/v% lubricant (particularly 
network architecture) exhibited a marked increase in storage modulus, explained 
by the existence of a minimum polymer concentration necessary for sufficient 
interaction among polymer chains to cause the cessation of purely viscous behav-
86 
ior and the appearance of weak elasticity.11 The phase angles for the four lubri-
cants of varying MPC concentration agree with this phenomenon (Figure 2.3b); 
for the 2, 5, and 8 w/v% formulations, increased viscosity without elastic charac-
ter causes an increase in δ, but δ decreases for the 12 w/v% formulation owing to 
its elasticity arising from surpassing the polymer concentration critical for elastic 
inter-chain interactions. A frequency sweep at 1 Pa stress identified crossover 
frequencies for each lubricant (i.e. frequency at which G’=G”), which exhibited a 
positive correlation with lubricant concentration (Figure 2.4). A continuous flow 
shear rate sweep was performed to measure lubricant viscosity; as expected, so-
lutions of network polymer exhibited increased viscosities relative to those of 
linear polymer of identical concentration, with viscosities spanning approximate-
ly three orders of magnitude (ca. 10-3 Pa·s to ca. 1 Pa·s) for the four concentra-
tions studied (Figure 2.3c). For analogous solutions of MPC monomer (lacking 
ammonium persulfate to initiate polymerization) ranging in concentration from 2 
to 12 w/v%, storage and loss moduli and viscosities were similar to those of de-
ionized water, indicating that the lubricant rheological properties are not pre-
dominantly influenced by solute mass alone, but instead are largely affected by 
inherent polymer viscosity and inter-chain viscous interactions (Figure 2.5). 
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2.3.2 Mechanical characterization: Side-by-side comparison 
 Following rheological characterization, we assessed the friction lowering 
capacity of linear and network pMPC in comparison to saline over the duration 
of a simultaneous compressive creep and torsional disc-on-disc friction test. 
pMPC concentration of 5 w/v% was investigated, as greater concentrations did 
not easily pass through a small 25 gauge syringe—an optimal design require-
ment for intracorporeal therapeutic use via injection. As a model tissue, bovine 
osteochondral cylindrical explants (“plugs,” 7 mm diameter) were harvested and 
subjected to testing. Plugs were cored from the patella and femoral groove of 
skeletally mature cows using a diamond-tipped cylindrical coring bit (Starlite 
Industries, Bryn Mawr, PA).[1]  Throughout experimentation, plugs were stored 
at 4°C in 400 mOsm sodium chloride containing benzamidine HCl (5 mM), Gibco 
Antibiotic-Antimycotic (Life Technologies, Grand Island, NY), and 
ethylenediaminetetraacetic acid (5 mM). Thickness measurements for strain cal-
culation were performed via computed tomography at voxel resolution of 36 µm3 
(CT40, Scanco Medical AG, Brüttisellen, Switzerland) using an airtight sample 
holder to maintain a humid environment to prevent tissue drying. The µCT data 
were converted to DICOM format and thicknesses were computed (Analyze, 
Mayo Clinic, Rochester, MN) to convert creep deformation to compressive strain. 
 For friction testing, plugs were aligned collinearly with mated cartilages 
surfaces in contact, and a torsional creep regimen was applied (ElectroForce 
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3200, BOSE Corporation / TA Instruments, Eden Prairie, MN). The test regimen 
was conducted at ambient temperature and was composed of 10080 rotations at 
360°/s (effective velocity ca. 22 mm/s) applied under a constant compressive 
load of 0.78 MPa with plugs submerged in either saline or pMPC lubricant while 
torque, rotation, force, and displacement data were collected at 10 Hz; every 160 
seconds, a 10-s lift-off was incorporated to allow reintroduction of lubricant to 
the tissue surfaces. In Experiment 1, three groups of plug pairs (n=3-4) were al-
lowed to incubate with either saline or linear or network pMPC for 18 hours, 
then were subjected to the described torsional creep regimen while immersed in 
their respective lubricants. In Experiment 2, the test regimen was performed 
three times on a single group of plug pairs (n=3-4) on three successive days; dur-
ing Test 1 (day 1) the lubricant was pMPC, during Test 2 (day 2) the lubricant 
was saline, and during Test 3 (day 3) the lubricant was once again pMPC. Prior 
to each test, the plug pairs were incubated for 18 hours at 4°C with the respective 
lubricant to be tested, and the tests were performed with plugs submerged in the 
appropriate lubricant. From the collected torque, force, and displacement data, 
coefficient of friction (COF) and creep deformation normalized by initial thick-
ness (i.e. engineering compressive strain, ε) were calculated. 
 Linear and network pMPC were compared in relation to saline with re-
spect to their ability to alter time-dependent and equilibrium COF and ε (Exper-
iment 1). The saline group’s COF increased over time, reaching an average value 
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over the final one third of the test’s duration (COFeq) of 0.0363 ± 0.0079 (Figure 
2.6a). The linear pMPC’s group’s COFeq was 0.0089 ± 0.0013, while that of the 
network pMPC group was 0.0097 ± 0.0054, or 75 and 73% lesser, respectively, 
than that of the saline group. Linear and network pMPC COFs were statistically 
significantly (p < 0.05) lesser than that of saline for all points beyond the first 
1600 seconds of the test, but were not statistically significantly different from 
each other. We attribute pMPC’s friction reduction to the polymeric lubricant’s 
ability to dissipate shear forces at the cartilage-cartilage interface. The origins of 
this force dissipation are two-fold: first, the polymer’s pendant 
phosphorylcholine groups are known to immobilize numerous water molecules 
while being compressed yet exhibit a fluidity of motion of water molecules while 
being sheared, allowing for transitioning the articulation slip-plane away from 
the tissue surface and towards the zwitterionic moieties, thus lowering COF;12, 13 
second, the relatively high-entropy polymeric nature of pMPC dissolved in water 
allows for translation of the shear forces of articulation into entropic dissipation 
of energy through the polymer’s flexible backbone.14 
 The tissue’s ε also increased over time, reaching an equilibrium (εeq) at 40 ± 
8% compression for the group lubricated by saline, while linear pMPC’s εeq was 
34 ± 7% and network pMPC’s εeq was 23 ± 7% (14 and 43% lesser than saline, re-
spectively) (Figure 2.6b). The tissue may be cushioned (i.e. εeq may be attenuated) 
through two mechanisms: 1) polymer penetration into the tissue may fill pores 
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within the matrix and therefore effectively increase its compressive stiffness, and 
2) the polymer’s ability to reduce frictional shear forces acting on the tissue may 
mitigate compressive deformation. For the former explanation to be operative, 
polymer penetration into the tissue would take time to occur, whereas a simple 
exogenous lubricant that does not penetrate the tissue would reduce friction im-
mediately (provided it does not require time to adhere to its substrate). To inter-
rogate this distinction, the torsional creep test was repeated on a group of plug 
pairs that did not incubate overnight with pMPC but instead were introduced to 
pMPC immediately prior to the test’s beginning. Similar frictional and creep 
properties were observed whether network pMPC was introduced immediately 
or incubated overnight, lending evidence against pMPC penetration into the tis-
sue; correspondingly, FTIR spectroscopy of bovine articular cartilage incubated 
overnight in network pMPC did not reveal presence of pMPC within the matrix. 
The latter explanation above is in agreement with literature reports of decreased 
shear forces (and thus increased COF) correlating with decreased compressive 
deformation.15 
 In contrast to linear and network pMPC lubricants exhibiting similar COF 
response, the ε values resulting from lubrication by these two different polymer 
formulations are statistically significantly different from each other over greater 
than 96% of the 10080-second friction test, with the network pMPC formulation 
affording superior cushioning. We propose the difference in ε attenuation arises 
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due to the network lubricant’s locally-increased viscosity while compressed be-
tween apposing tissue surfaces. This phenomenon, an example of “boosted” lu-
brication,16, 17 occurs as a gel-like, water-retarding polymer layer forms between 
the articulating surfaces, thus reducing the magnitude of tissue deformation as 
water molecules are sterically hindered from exuding from the tissue; in contrast, 
the linear polymers do not form such a gel layer upon compression, and hence 
water’s expulsion from the tissue is not similarly reduced, resulting in increased 
creep deformation. The ability to attenuate compressive strain serves the im-
portant biological function of cushioning tissue upon loading, as articulation un-
der high strains correlates with increased wear.18 
2.3.3 Mechanical characterization: Sequential comparison 
 In Experiment 2, an identical friction procedure was performed on three 
successive days on a single group of plug pairs (n=3-4), under lubrication by 
pMPC (linear or network), then by saline the following day, and finally by the 
same pMPC formulation once again on the third day. The purpose of this 
pMPCsalinepMPC lubrication sequence was to assess the robustness of re-
peated lubricant exposure as a potential injectable therapy and to interrogate 
mechanism of action as a lubricant that does not permanently alter the exposed 
tissue. Prior to each test, the plug pairs were incubated for 18 hours at 4°C with 
the respective lubricant to be tested, and the tests were performed with plugs 
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submerged in the appropriate lubricant. After each test, plugs were allowed to 
re-swell to equilibrium in saline for 3 hours with moderate shaking. In this exper-
iment, each sample group experienced an initially low COFeq during Test 1, fol-
lowed by an increase in COFeq during Test 2, and finally a partial or full “recov-
ery” of COFeq during Test 3 (Figure 2.7a,c). The average recovery of COFeq (given 
by the average quotient of the fold increase Test 1 to 2 divided by fold decrease 
Test 2 to 3) was 53 ± 18% for linear pMPC and 100 ± 3% for network pMPC (av-
erages statistically significantly different). Similarly, percent recovery of εeq was 
64 ± 59% for linear pMPC and 97 ± 5% for network pMPC (no statistical differ-
ence) (Figure 2.7b,d). 
 That network pMPC exhibited near complete recovery of both COFeq and 
εeq leads to several conclusions. First, despite the relatively large standard devia-
tions on the fold increase and fold decrease in COFeq between subsequent tests 
(relative standard deviations 45 and 38%, respectively), the near 100% average 
recovery of COFeq and its low standard deviation (relative standard deviation 
3%) indicates that network pMPC functions remarkably similarly even for bio-
logical specimens that have inherent variability in natural frictional properties. 
This property lends promise to the potential utility of network pMPC as a thera-
peutic agent for individuals with varying cartilage material properties. In con-
trast, linear pMPC exhibited only partial recovery, likely due to the occurrence of 
mild wear (surface roughening causing increased COF and tissue softening caus-
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ing increased ε). Second, the recovery of COFeq and especially of εeq upon lubrica-
tion by network pMPC indicates that pMPC ostensibly does not have long-term 
effects that compound upon multiple friction tests, i.e. by demonstrating that fric-
tion and creep deformation increase when pMPC is removed but then are re-
stored to nearly identical levels following its reintroduction, insight is gained 
purporting that the polymeric lubricant’s ability to lubricate and cushion occurs 
only when the pMPC is present and does invoke a permanent change in the carti-
lage’s mechanical properties. Thus the mechanism of action by the polymer is as 
a lubricant rather than an alternate hypothesis of serving as an agent that perma-
nently alters tissue mechanical properties even after it has been removed.  
2.4 Conclusion 
 In conclusion, aqueous solutions of the bioinspired synthetic polymer 
pMPC augment the frictional and compressive properties of bovine articular car-
tilage during multiaxial mechanical testing. Lubricant solutions possess tunable 
storage and loss moduli and viscosity over a range of physiologically relevant 
values, with network pMPC exhibiting increased elasticity and viscosity at great-
er concentrations. In two ex vivo cartilage-on-cartilage tissue experiments of side 
by side and sequential comparison between pMPC and saline, pMPC lowers 
COF and cushions by reducing compressive creep strain, thereby protecting car-
tilage. Moreover, network pMPC opposed to linear pMPC demonstrates superior 
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cushioning, as well as near complete recovery of low COF and ε during sequen-
tial pMPCsalinepMPC testing. This study reveals the capacity of an exoge-
nous tissue lubricant to improve not only frictional response but also compres-
sive response of the tissue, indicating a wider potential therapeutic utility of such 
synthetic biolubricants in the treatment of articulating tissue diseases such as os-
teoarthritis. Further investigation of soluble pMPC polymeric networks and their 
derivatives is warranted to better understand their efficacy in improving me-
chanical function in additional tissue types and in in vivo disease models. Im-
portantly, the conclusions from this study provide key insights and requirements 
for the design of optimal tissue biolubricants—as it is likely that various bodily 
tissue surfaces will need a unique polymer architecture—and thus significant 
opportunities exist for the synthesis and tribological characterization of new pol-
ymer compositions, structures, and architectures. 
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Figure 2.1: Graphic abstract. Network polymer lubricant provides superior lubri-
cation and cushioning compared to linear polymer lubricant. 
 
 
Figure 2.2: (a) Schematic representations of biolubricant macromolecules with 
lubrication-conferring hydrophilic functional groups (blue). (b) Synthetic route 
to linear and network pMPC. MPC, 2-methacryloyloxyethyl phosphorylcholine; 




Figure 2.3: (a) Storage and loss moduli at a frequency of 2.5 Hz for linear and 
network pMPC at varying concentrations. Moduli averaged over 11 logarithmi-
cally-spaced data points spanning stress 1-10 Pa (within linear and network 
pMPC’s linear viscoelastic region); error bars, standard deviations. (b) Phase an-
gles at 1 Pa stress and 2.5 Hz frequency for linear and network pMPC. (c) Viscos-
ity as a function of shear rate for linear and network pMPC. 
 
 
Figure 2.4: Crossover frequency for solutions of linear and network pMPC at 




Figure 2.5: For solutions of MPC monomer ranging in concentration 2 to 12 
w/v% and lacking the persulfate free radical initiator, storage and loss moduli 
(a) and viscosities (b) were similar to deionized water. Intermediate concentra-
tions 5 and 8 w/v% not displayed, for clarity. 
 
 
Figure 2.6: COF (a) and compressive strain (b) as a function of time over the 
course of a simultaneous creep and torsional articulation test for groups of 
osteochondral plug pairs lubricated by either saline, linear pMPC, or network 
pMPC. Arrows indicate statistically significant differences (p<0.05) in COF and 
compressive strain (cyan, comparing linear pMPC with saline; red, comparing 
network pMPC with saline; black, comparing linear with network pMPC). Ab-
sence of arrow indicates compared groups do not achieve statistically significant 





Figure 2.7: COF (a,c) and compressive strain (b,d) as a function of time for fric-
tion tests on three successive days (Tests 1-3) under lubrication by pMPC, saline, 
then pMPC again; conducted separately with linear (a,b) and network (c,d) 
pMPC. Arrows indicate fold increase Test 12 and decrease Test 23 (magenta 
and green, respectively). Average COFeq and εeq recovery, bold text. 
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3. Chapter III. Cartilage Stribeck Curves as a Function of Both Hersey Number 
and Fluid Load Support: Pilot Study of an Expanded Framework for Evaluat-
ing Lubrication Mode of Biphasic Materials 
3.1 Abstract 
 The rational design of polymeric soft tissue lubricants requires a complex 
theoretical framework accounting for tissue properties, lubricant properties, and 
articulation configuration. The lubrication of articular cartilage has been investi-
gated in several studies in the context of Stribeck curves, and in other studies in 
the context of solid versus interstitial fluid load sharing; to date, these two theo-
retical constructs have only been investigated separately—not jointly. Herein, a 
unifying framework is presented, incorporating fluid load support as an addi-
tional dimension, along with Hersey number, in soft tissue Stribeck curves, and 
this theory is used to explain the mechanism of action of an in-development 
tribosupplement derived from a zwitterionic crosslinked polyacrylate network. 
Torsional disc-on-disc friction testing at equilibrium and non-equilibrium com-
pressive deformation over sliding speeds ranging 0.3 mm/s to 66 mm/s reveals 
the existence of weeping lubrication during high fluid load support conditions 
and boundary mode and mixed mode lubrication during low fluid load support 
conditions. At decreased normal stress (approximately 0.1 MPa compared to 0.8 
MPa), the polyacrylate improves lubrication versus saline at increased Hersey 
102 
numbers, indicative of fluid film mode contributions to lubrication. The 
zwitterionic polymer network thus reduces friction through a variety of mecha-
nisms related to both tissue material properties (including biphasic load sharing 
nature) as well as articulation conditions (namely, sliding speed and normal 
stress). 
3.2 Introduction 
 Osteoarthritis is a degenerative disease that alters synovial joint structure 
and function, causing breakdown of articular cartilage. During dynamic func-
tion, elastohydrodynamic lubrication is the predominant lubrication mechanism. 
An interposed wedge of synovial fluid serves to support load and provide lubri-
cation. Synovial fluid contains lubricating macromolecules including hyaluronic 
acid, surface-active phospholipids, and the glycoprotein lubricin. During articu-
lation, hyaluronic acid chains become entangled, conferring elastic-solid perfor-
mance to support loads. In addition, surface-active phospholipids and lubricin 
provide a nano-film boundary layer that protects the superficial zone of cartilage 
by lowering the coefficient of friction (COF). The hydrophilic functional groups 
of these biopolymers induce strongly-immobilized hydration shells1-4 that form a 
localized hydration layer that minimizes frictional shear forces, through a fluidi-
ty of bound hydration layers,5 acting on cartilage.6, 7 Negatively charged 
glycosaminoglycans covalently bound to a proteoglycan backbone confer the po-
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rous cartilage extracellular matrix  with a fixed negative charge density that 
regulates water permeability; cartilage COF is reduced by surface-localized lu-
bricating macromolecules under effective boundary-mode lubrication, as well as 
by weeping or fluid film modes of lubrication, whereas applied load is support-
ed by pressurization of entrapped interstitial water.  Changes in the biochemi-
cal composition of synovial fluid during the progression of osteoarthritis reduce 
its lubricity and contribute to increased cartilage wear. In advanced osteoarthri-
tis, synovial fluid contains little or no hyaluronic acid (similar to saline in viscosi-
ty), and the predominant mode of lubrication shifts from elastohydrodynamic 
(loss of viscosity-associated fluid film lubrication) to a suboptimal boundary 
mode, with reduced lubricating capacity.8, 9 Furthermore, glycosaminoglycans 
are depleted within the tissue, increasing tissue permeability and decreasing the 
interstitial fluid load support (IFLS), or the proportion of load borne by the en-
trapped interstitial water rather than borne by the solid extracellular matrix. For 
this reason, along with deteriorations in synovial fluid’s rheological properties, 
solid-solid contact (and hence friction) is increased as IFLS decreases. 
 For classical articulating surfaces, lubrication mode may be determined 
through visualization of friction data via a Stribeck curve, plotting coefficient of 
friction as a function of Hersey number (articulation velocity * lubricant viscosity 
/ compressive stress).10, 11 Classically, sufficiently high articulating velocities al-
low maintenance of a fluid film as the fluid’s time-dependent viscous properties 
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prevent it from dissipating from the interface, while sufficiently low velocities 
allow fluid dissipation and cause direct surface contact. Sufficiently high viscosi-
ties, similarly, will cause fluid to tend not to exude from the interface, while a 
fluid of sufficiently low viscosity will. Finally, sufficiently high compressive 
stress will cause interposed fluid to exude from the interface, while sufficiently 
low pressure will allow sustenance of a separating fluid film. Boundary mode 
lubrication (low Hersey numbers) features a COF that is invariant with Hersey 
number, mixed mode (intermediate Hersey numbers) typically features a de-
crease in COF as partial contributions of surface separation allow improved lu-
brication, and complete fluid film lubrication (high Hersey numbers) typically 
features the lowest COF as surfaces are fully separated by lubricant; COF begins 
to rise with even higher Hersey numbers as viscous drag contributes to increased 
frictional forces. 
 Articular cartilage has been evaluated in the context of Stribeck theory, 
although several modifications to this theory are required as cartilage features 
several distinct properties compared with rigid monophasic substrates, including 
elasticity and a biphasic composition. When cartilage is compressed until equi-
librium, the equilibrium frictional properties are partially analogous to those ob-
served for materials adhering to classical Stribeck theory, insofar as the existence 
of boundary, mixed, and fluid film modes of cartilage lubrication.12, 13 In contrast 
to this framework, as it is being increasingly recognized that articular cartilage 
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demonstrates deviations from classical Stribeck theory,14, 15 a modified lubrica-
tion theory known as Gemini hydrogel lubrication has arisen in recent years ow-
ing to fluid transport across and along the articulating interface. This lubrication 
model incorporates confinement of interfacial lubricant due to the mesh-like 
structure at low Hersey numbers, and a relatively less dramatic transition at in-
termediate Hersey numbers, known as the postulated elastoviscous transition, 
wherein interfacial pendant polymer chains provide a combination of boundary 
lubrication as well as alterations to the lubricant viscosity.14, 16 
 Inspired by naturally-occurring biolubricants, we recently investigated the 
cartilage-lubricating capacity of a crosslinked polymer network containing 
zwitterionic phosphorylcholine groups; an aqueous solution of poly(2-
methacryloyloxyethyl phosphorylcholine (pMPC) lowered the COF of ex vivo 
bovine cartilage up to 73% while operating in boundary-mode lubrication at a 
single Hersey number, and with 0% IFLS (i.e. at compressive equilibrium) (see 
Chapter II). All examples to date of cartilage examination via Stribeck curve 
generation have included cartilage COF only when IFLS is near either 0% or 
100%, while the transient response over varying IFLS is not included in such 
analysis.12, 13, 15 Meanwhile, frictional response over varying IFLS has been exam-
ined,17-19 yet without concomitant relation to Stribeck-type theory by varying 
Hersey number.  
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 The present study has two aims: i) to evaluate the mechanism of action of 
the synthetic supplementary cartilage lubricant pMPC by construction of a 
Stribeck curve at varying Hersey numbers, and ii) incorporate IFLS into a 
Stribeck-theory framework for analyzing lubrication mechanisms for varying 
IFLS values and Hersey numbers. The first aim is addressed by conducting tor-
sional disc-on-disc friction tests that examine a variety of compressive-stress-
equilibrated and torque-equilibrated articulation velocities, and the second aim is 
achieved by performing similar testing with data collection over the entire creep 
deformation period, allowing insight into the changes in COF as IFLS subsides 
from 100% to 0%. 
3.3 Methods 
3.3.1 Lubricant synthesis 
 pMPC was synthesized via persulfate-initiated radical copolymerization 
of 2-methacryloyloxyethyl phosphorylcholine and ethyleneglycol dimethacrylate 
(1% mol/mol phosphorylcholine monomer) as previously reported(REF Cooper 
in prep) and dissolved in deionized water at a concentration of either 5 w/v% or 
7 w/v%, as specified below. 
3.3.2 Sample preparation 
 Osteochondral cylindrical plugs (7 mm diameter) were cored from the sti-
fle joints of skeletally mature cows in a procedure similar to those reported pre-
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viously20,21 using a diamond-tipped coring bit (Starlite Industries, Bryn Mawr, 
PA), irrigated with 0.9% saline at room temperature. Throughout experimenta-
tion, plugs were stored at 4°C in 400 mOsm sodium chloride solution containing 
protease inhibitor benzamidine hydrochloride (5 mM), GIBCO Antibi-
otic/Antimycotic (Invitrogen, Grand Island, NY), and calcium ion chelating 
agent ethylenediamine tetraacetic acid (5 mM). 
3.3.3 Friction testing: Simultaneous creep/rotation test (IFLS spanning 
1000%) 
 Specimens were subjected to a torsional unconfined disc-on-disc friction 
test that applied a constant compressive stress yielding a creep deformation, lu-
bricated by either 400 mOsm saline (viscosity 0.88 mPa·s) or pMPC (5 w/v% so-
lution, viscosity 7.8 mPa·s). Plug pairs were aligned collinearly with mated carti-
lages surfaces in contact, and a torsional creep regimen was applied 
(ElectroForce 3200, BOSE Corporation / TA Instruments, Eden Prairie, MN). 
Submerged in either pMPC or saline as the lubricant (N=3 plug pairs each lubri-
cant group) and under a constant axial compressive stress of 0.78 MPa, rotation 
was applied at one of several circumferential plug velocities ranging 0.22 mm/s 
to 66 mm/s. Depending on rotational speed, the tests lasted between 10,000 and 
10,400 seconds. The resulting torque and normal force were recorded at 10 Hz to 
calculate the COF. The instantaneous creep deformation was measured over time 
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and converted to compressive engineering strain given the known cartilage 
thickness determined via average caliper measurement at six locations around 
each plug’s circumference. Prior to each test, the plug pairs were incubated for 18 
hours at 4°C with the respective lubricant to be tested, and the tests were per-
formed at ambient room temperature with plugs submerged in the same lubri-
cant. 
3.3.4 Friction testing: Velocity sweep at 0% IFLS 
 Specimens were subjected to a torsional unconfined disc-on-disc friction 
test that swept over nine different compressive-stress-equilibrated and torque-
equilibrated articulation velocities, lubricated by either 400 mOsm saline or 
pMPC (7 w/v% solution, viscosity 10 mPa·s). Plugs were coaxially aligned and 
their articular surfaces were brought into contact with a pre-load of 0.5 N 
(Electroforce 3200, BOSE Corporation / TA Instruments, Eden Prairie, MN) after 
having incubated overnight at 4°C either in saline or in pMPC. A chamber was 
used to maintain lubrication in the respective solution for the test’s entirety. Car-
tilage was first deformed by 20% ε over an approximate ten- minute duration 
and held at constant displacement for the remainder of the test, and the resulting 
peak stress was allowed to relax and equilibrate for 90 minutes, determined via 
pilot studies to allow stress equilibration. Next, one plug was rotated at constant 
velocity for five revolutions, followed by five return revolutions in the opposite 
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direction. This ten-revolution cycle was repeated a certain number of times based 
on pilot tests demonstrating the minimum repetition required for obtaining 
equilibrated torque and compressive stress data; the number of repetitions var-
ied for the nine different rotational velocities tested. Following torque and stress 
equilibration, the plug began rotating at a different velocity, magenta curve), and 
this was repeated for nine total velocities, ranging 0.66 mm/s to 66 mm/s with 
logarithmic spacing and four approximately evenly spaced velocities per decade. 
The order in which numerically-increasing velocities was tested was randomized 
to minimize any effect of test-sequence order; additional pilot tests in alternate 
velocity sequence revealed negligible effects of test-sequence order. Torque and 
axial compressive force were recorded at 10 Hz. For exemplary rotation, dis-
placement, torque, and compressive force data, see Chapter VI. For each rota-
tional velocity, torque and force data were extracted from the final ten-revolution 
repetition. Torque and force were averaged over revolutions 2-5 and 6-10 during 
the final ten-revolution repetition, as the initial revolution immediately after a 
change in rotation direction (revolutions 1 and 5) were discarded due to yielding 
non-equilibrium data. This test was then performed in a second experiment (us-
ing 5 w/v% pMPC instead of 7 w/v% pMPC) conducted at not just a single 
compressive strain, but at four different strain values, in order to create a 
Stribeck surface rather than Stribeck curve. 
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3.3.5 COF calculation 
 Average compressive force was converted to compressive stress via the 
plug’s initial cross-sectional area, and average torque and force were converted 
to COF via the following equation, 
              (Equation 3.1) 
providing COF as a function of average torque τ, plug radius r, and average 
normal force FN.8, 20 
3.3.6 Calculation of IFLS 
 IFLS has been measured directly in prior reports,22-24 and creep defor-
mation has been shown to linearly correlate with IFLS.17 In the present study, 
IFLS is not measured directly but rather is calculated from a relationship (Equa-
tion 3.2) supported by theory25, 26 and experiment.17 
      
  
 
   
   
  (Equation 3.2) 
In this relationship, ε is the instantaneous compressive engineering strain, εeq is 
the equilibrium compressive engineering strain, and φ is the fraction of articulat-
ing contacting area over which solid-to-solid contact occurs. φ is related to the 
solid volume fraction of the two articulating tissues, reported in the literature as 
averaging 30 v/v% (corresponding to 70 v/v% water content) for mature bovine 
cartilage, and hence the solid phases of the two tissues are in contact over φ = 0.3 
× 0.3 = 9% of the apparent contact area, yielding 1 – φ = 0.91.18, 27 IFLS values 
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were thus derived for the simultaneous creep/rotation studies, ranging from 
100% IFLS at the beginning of the test, to 0% IFLS at equilibrium. All sam-
ple/lubricant configurations reached creep equilibrium by approximately three-
quarters or 7,500 seconds into the test. Least squares linear regression was used 
to fit a linear curve to each semi-logarithmic Stribeck curve corresponding to 
each of eleven evenly-spaced IFLS values ranging 0 to 100%. 
3.4 Results 
3.4.1 Creep/rotation friction at compressive equilibrium 
 By examining the final portion of the simultaneous creep/rotation tests, 
equilibrium COF was reduced at each of five velocities tested under lubrication 
by pMPC (Figure 3.1a), with statistically significant differences in COF at the 
three lower velocities. The Stribeck curves for the two lubricants generated from 
these tests display a generally greater absolute magnitude slope for saline than 
for pMPC (Figure 3.1b). In comparing the COF at each velocity tested, the per-
cent reduction in COF by pMPC compared to saline increased with decreasing 
velocity (Figure 3.1c); the 95% confidence interval of the slope of the inverse rela-
tion between velocity and COF reduction afforded by pMPC spans values that 
are all less than zero (-0.0073 to -0.0016 mm-1·s), with R2 of approximately 0.75. 
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3.4.2 Velocity sweep friction at a single compressive strain 
 At each of the nine velocities tested during the single-strain velocity 
sweep procedure, pMPC yielded lower COF than saline (Figure 3.2a), with statis-
tically significant differences in COF for the highest three velocities. From these 
curves, as well as the corresponding Stribeck curves (Figure 3.2b), both lubri-
cants demonstrate a similar magnitude variation of COF with Hersey number. 
The COF reduction afforded by pMPC compared to saline is shown in Figure 
3.2c, and the magnitude of COF reduction increased with increasing velocity. 
The 95% confidence interval of the slope of the positive relation between velocity 
and COF reduction afforded by pMPC spans values that are all greater than zero 
(0.0015 to 0.0060 mm-1·s), with R2 of approximately 0.6. 
3.4.3 Velocity sweep friction at varying compressive strains 
 In four separate tests, following applied compression by 10, 20, 30, and 
40% strain, pMPC demonstrate reduced friction at all velocities and compressive 
stresses tested (Figure 3.3). At greater normal stresses, the magnitude of differ-
ence between the COFs afforded by saline and by pMPC was increased. Both 
curves possessed approximately equal magnitude of variation of COF with ve-
locity, which was generally unaffected by normal stress. 
 The two-dimensional curves shown in Figure 3.3 are combined into a 
three-dimensional plot, with the added dimension of compressive deformation 
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strain (as a surrogate for the Hersey-number-relevant parameter, normal stress) 
yielding Stribeck surfaces (COF vs velocity vs compressive strain) for saline and 
pMPC (Figure 3.4). The majority of the saline surface displays a non-zero slope 
and a relatively greater magnitude slope than does the pMPC surface, which 
displays some plateau-like regions with approximately zero-slope. 
3.4.4 Creep/rotation friction as IFLS subsides from 100% to 0% 
 For each velocity tested, COF increased with decreasing IFLS; the COF in-
crease was attenuated under lubrication by pMPC compared with that by saline. 
(Figure 3.5). Stribeck surface three-dimensional plots were prepared (COF vs 
Hersey number vs IFLS) for saline and pMPC lubricants (Figure 3.6). With de-
creasing IFLS, the general dependence of COF on Hersey number (i.e. the 
Stribeck curve) transitions from a direct to an indirect relationship (positive slope 
to negative slope). This relationship is visualized through a classical Stribeck plot 
wherein each of the eleven IFLS values is fitted with a linear regressions fit to the 
semi-logarithmic relationship between COF and Hersey number (Figure 3.7). The 
transition point between direct and inverse relation Stribeck curve (i.e. when 
curve fit slope = 0) occurs at approximately the same IFLS for both lubricants: ca. 
35%. Additionally, the slope of the Stribeck curve at 0% IFLS for saline is nega-
tive and of statistically significantly (p=0.004) greater absolute magnitude than 
the slope of the Stribeck curve for pMPC. The pMPC Stribeck curves for each 
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IFLS are well fitted with a single-linear-term equation, whereas the Stribeck 
curves of saline display, with decreasing values of IFLS, a plateau region at low 
Hersey numbers transitioning into a negative slope at higher Hersey numbers. 
3.5 Discussion 
3.5.1 Creep/rotation friction at compressive equilibrium 
 Upon equilibration of the simultaneous creep/rotation friction tests, COF 
was calculated and compared between two lubricants: saline and pMPC. Relative 
to saline, COF while lubricated by pMPC demonstrated less variation with veloc-
ity and with Hersey number (Figure 3.1a,b), a characteristic indicative of bound-
ary-mode lubrication. Saline’s Stribeck curve displays a COF varying inversely 
with Hersey number, while pMPC’s Stribeck curve has a lesser magnitude slope, 
and because of this, we see that pMPC affords greater friction reduction at lower 
Hersey numbers (Figure 3.1c), which is further indicative of boundary-mode lu-
brication. Not only does this finding show that pMPC provides effective bounda-
ry-mode lubrication compared to saline, but also that pMPC is a better bounda-
ry-mode lubricant than it is a fluid-mode lubricant, under the operative condi-
tions of the present friction test. Moreover, it is noteworthy that pMPC’s Stribeck 
curve does not lie directly along the same curve as saline’s Stribeck curve, indi-
cating that, with little change in viscosity and therefore little change in Hersey 
number (less than one order of magnitude), pMPC indeed significantly alters the 
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effective mode of lubrication and causes a different tribological phenomenon to 
occur. 
3.5.2 Velocity sweep friction at a single compressive strain 
 Within a single test, following stress relaxation after a slow ramp com-
pression to a strain yielding an approximate stress of 0.1 MPa (saline stress 0.11 ± 
0.01 MPa; pMPC stress 0.13 ± 0.03 MPa), COF was reduced by pMPC at all veloc-
ities and Hersey numbers tested, and in contrast to the relatively greater stress 
conditions (0.78 MPa) of the creep/rotation test, this relatively lesser stress test 
yielded approximately equal variation of COF with Hersey number for both sa-
line and pMPC (Figure 3.2a,b). However, as the slope of the Stribeck curve for 
saline is slightly positive and that for pMPC is slightly negative, we observe that 
pMPC affords greater friction reduction at greater Hersey numbers (Figure 3.2c), 
which is in contrast to the finding from the creep/rotation test, and indicates flu-
id film mode lubrication by pMPC. In historical Stribeck analysis, wherein vis-
cosity is the primary determining factor in mode of lubrication, typically a given 
lubricant has been designed to reduce friction through one particular mecha-
nism.10, 11 However, in the case of pMPC, we observe that under relatively great-
er stress, pMPC affords COFs relatively invariant with Hersey number and re-
duces COF more so at lower velocities (indicating boundary mode lubrication), 
whereas under relatively less stress, pMPC reduces COF more so at greater ve-
116 
locities, indicating fluid film mode lubrication. This likely arises from contribu-
tions of pMPC as a boundary-active macromolecule to relieve friction through 
the hydration lubrication mechanism,2, 7 as well as to confer viscosity to contrib-
ute to film separation of articulating surfaces; we demonstrate here that these 
two phenomena are not mutually exclusive. 
3.5.3 Velocity sweep friction at varying compressive strains 
 Much debate has existed in the literature surrounding scientifically sound 
methods for constructing Stribeck curves of cartilage.12, 13, 15 While two-
dimensional Stribeck curves are typically most representative of physiology, 
when only one parameter of the group containing velocity, viscosity, and normal 
stress is varied, three-dimensional Stribeck surfaces allow the independent varia-
tion of two parameters and display the obtained data in a manner which allows 
deconvolution of the effects of the two investigated parameters.12 The sets of 
curves shown in Figure 3.3 are combined to yield surfaces shown in Figure 3.4. 
From Figure 3.3, it is apparent that there exists a greater improvement in lubrica-
tion by pMPC compared to saline at greater compressive deformations (hence 
greater normal stresses), indicative of pMPC conferring boundary mode lubrica-
tion. This is simultaneously partially contrasted by the observation of improve-
ment in lubrication by pMPC at greater velocities, which indicates a fluid film 
contribution to lubrication. The Stribeck surfaces in Figure 3.4 generally support 
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boundary mode lubrication by pMPC; a lesser magnitude curve slope and pres-
ence of near-zero slope surface portions indicate the lack of friction variation 
with Hersey number (and thus a lack of predominant fluid film contributions to 
lubrication), hence boundary mode lubrication is ascribed the dominant mecha-
nism (for reasons described earlier). A control experiment to clearly deconvolute 
the effects of boundary lubrication from film lubrication would compare high 
viscosity lubricants conferring film thickness separation to articulating asperities, 
yet possessing macromolecules of different boundary lubricating capacity; such a 
study is underway in our laboratory. 
3.5.4 Creep/rotation friction as IFLS subsides from 100% to 0% 
 The several friction tests described successfully evaluate the mechanism of 
action of pMPC’s lubrication through Stribeck-type analysis at varying Hersey 
numbers. As it is not disputed (and has been experimentally demonstrated via 
several methods) that COF certainly is at least partially a function of IFLS,17-19 
and as it is being increasingly recognized14, 15 that elastic/viscoelastic biphasic 
materials do not adhere to classical Stribeck theory (developed for incompressi-
ble, monophasic materials), we achieve a more complete understanding of 
pMPC’s function by studying not only tissue at compressive equilibrium, but al-
so non-equilibrium tissue undergoing creep and having time-dependent IFLS. 
Thus, for the first time to our knowledge, we added an additional dimension of 
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IFLS to classical Stribeck curves for analyzing instantaneous lubrication mecha-
nisms for varying IFLS values and Hersey numbers, with the goal of generating a 
unifying lubrication framework for deformable, poroelastic, biphasic materials 
such as cartilage. 
 The transition from positive-slope to negative-slope Stribeck curve with 
decreasing IFLS (Figures 3.6-3.7) is explained by the transition in predominant 
lubrication mode from weeping to mixed. When weeping is occurring (which can 
only happen at sufficiently large IFLS), the lower Hersey numbers examined in 
this study allow for wept fluid to lubricate the apposing surfaces via a self-
pressurized hydrostatic mode28-30 while the higher Hersey numbers examined do 
not allow fluid to be wept quickly enough to keep the friction as low as it is for 
the slower-velocity Hersey numbers. As IFLS subsides and the positive-slope 
Stribeck curve transitions to negative-slope, the negative slope is due to classical 
Stribeck-theory-predicted mixed mode lubrication, as increasing Hersey num-
bers (increasing velocities) begin to allow partial surface separation and reduce 
COF as solid-solid contact is partially abated. That an IFLS of ca. 35% gives a 
slope-zero Stribeck curve for both saline and pMPC (Figure 3.7) suggests that 
this IFLS value may be a critical threshold in determining when the predomi-
nance of weeping mode transitions to classical Stribeck-theoretical boundary-
mixed-film mode, i.e. that for IFLS < ca. 35%, the biphasic material behaves suffi-
ciently like a monophasic material for classical monophasic theory to hold, 
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whereas for IFLS > ca. 35%, the biphasic nature is the predominant characteristic 
that must be taken into consideration. Certainly the value of this threshold de-
termined herein must be investigated for additional tissues and materials in or-
der for broader conclusions to be drawn, as material parameters unique to vari-
ous materials (e.g. porosity, and viscosity and elasticity of the interstitial fluid). In 
agreement with prior data, the Stribeck curves for 0% IFLS for saline exhibit a 
large-magnitude inverse variation of COF with Hersey number (arising from 
mixed mode lubrication) (Figure 3.7), while the same curves for pMPC exhibit a 
statistically significantly lesser magnitude (p=0.004) inverse variation, explained 
by pMPC’s ability to afford effective boundary lubrication and therefore reduce 
COF more so at lower Hersey numbers (thus flattening out the Stribeck curve). 
Moreover, all eleven pMPC Stribeck curves for each IFLS value examined span a 
relatively small range of slopes, and all such curves are explained by classical 
boundary lubrication; no clear transition to mixed mode is detectable, as the COF 
values are all of small magnitude (Figure 3.7). However, for the saline Stribeck 
curves, decreasing IFLS values reveal a plateau region at low Hersey numbers 
which transitions into a negative slope at higher Hersey numbers; indeed, the 
goodness of a single-linear-term curve fit decreases at these decreasing IFLS val-
ues. At high IFLS values where weeping lubrication is dominant, we observe a 
smooth, single-linear-term fit explained by increased Hersey number causing a 
continuous reduction in effectiveness of the wept fluid lubricant (increased 
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COF). However at low IFLS values where the biphasic nature of the cartilage is 
of less consequence, boundary lubrication gives way to mixed lubrication at 
higher Hersey numbers and hence we observe plateau-transitioning-to-negative-
slope Stribeck curves. 
 This study is limited, as all friction studies are, in that conclusions drawn 
apply to the operating conditions of the friction tests performed, and do not nec-
essarily apply to alternate configurations, geometries, and articulation parame-
ters (e.g. migrating contact instead of stationary contact). The Stribeck curves in-
vestigated span only two orders of magnitude, and furthermore, additional 
(greater) viscosity lubricants beyond 10 mPa·s pMPC were not tested. These var-
iations remain the subject of ongoing studies. Additionally in future work, we 
will study the mode and efficacy of pMPC lubrication relative to healthy native 
synovial fluid and osteoarthritic synovial fluid in human osteochondral plugs 
from joints afflicted with OA at various stages of disease progression, over phys-
iologically relevant static and cyclically applied loads. Despite the work remain-
ing to be done in this field, the new framework presented herein may lead to a 
more universal lubrication theory and/or predictive equation for friction of bi-
phasic materials, dependent upon i) Hersey number, ii) IFLS, iii) biophysical 
lubricant properties (irrespective of viscosity, which is taken into account in Her-
sey number), iv) biophysical tissue properties (including permeability, collagen 
network integrity, and glycosaminoglycan content), and v) articulation condi-
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tions (including stationary vs migrating contact, and absolute and relative dura-
tions loaded vs unloaded to account for time-dependent fluid-flow phenomena). 
3.6 Conclusion 
 In summary, this series of studies both deepens the understanding of the 
in-development tribosupplement pMPC’s mode of lubrication, and also broad-
ens the applicability of Stribeck-theory-based analysis of cartilage lubrication by 
incorporating fluid load support into a unifying framework by creating three-
dimensional Stribeck surfaces. pMPC decreases friction to a greater extent at 
lower velocities and produces COFs that are relatively invariant with sliding ve-
locity, indicating its boundary mode lubrication capability. Moreover, by exam-
ining friction at a variety of fluid load support values and for different Hersey 
numbers, we provide the basis for an emerging theory of biolubrication account-
ing for biphasic fluid flow and solid-fluid load sharing nature. pMPC provides 
superior lubrication compared to saline at all fluid load support values exam-
ined, and a threshold over which solid-based friction transitions to fluid-
supported friction emerges and warrants further investigation. A thorough un-
derstanding of lubrication mechanisms during biphasic tissue’s healthy and dis-
ease states will inform the development of novel therapeutics for mechanically-
driven diseases such as osteoarthritis and, as biphasic material lubrication be-
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comes better understood, may have implications in materials-based solutions to 
challenges in biological and non-biological tribology. 
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Figure 3.1: Equilibrium COF upon completion of a creep/rotation friction test, as 
a function of (a) articulation velocity and (b) Hersey number, lubricated by either 
saline or pMPC. (c) pMPC’s reduction in equilibrium COF compared to saline; 
best fit linear regression (dashed curve), with coefficient of determination and 
slope 95% confidence interval displayed. N=3, standard deviations represented 






Figure 3.2: COF as a function of (a) articulation velocity and (b) Hersey number, 
lubricated by either saline or pMPC, obtained through a velocity sweep after 
stress relaxation. (c) pMPC’s reduction in equilibrium COF compared to saline; 
best fit linear regression (dashed curve), with coefficient of determination and 
slope 95% confidence interval displayed. N=3, standard deviations represented 





Figure 3.3: COF as a function of articulation velocity, lubricated by either saline 
or pMPC, obtained through a velocity sweep after stress relaxation. Compressive 
deformation was either 10, 20, 30, or 40% strain, (a)-(d). N=4, standard deviations 





Figure 3.4: Stribeck surfaces, representing COF as a function of articulation ve-
locity and compressive deformation, lubricated by either saline (a) or pMPC (b), 
obtained through velocity sweeps after stress relaxation at each of four strain de-





Figure 3.5: COF as a function of IFLS (throughout the duration of a 
creep/rotation friction test) for four Hersey numbers, lubricated by either saline 
(a) or pMPC (b). N=3, standard deviations represented as error bars. 
 
 
Figure 3.6: Stribeck surfaces, representing COF as a function of Hersey number 
and IFLS, lubricated by either saline (a) or pMPC (b). N=3, standard deviations 





Figure 3.7: Stribeck curves (dashed curves), representing COF as a function of 
Hersey number, for eleven equally-spaced IFLS values ranging 0-100%, lubricat-
ed by either saline (a) or pMPC (b). Linear regressions fit to each semi-






PART II: CARTILAGE-REINFORCING SUPPLEMENT 
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4. Chapter IV. A Tissue-penetrating Double Network Restores Mechanical 
Properties of Degenerated Articular Cartilage 
4.1 Abstract 
 Incorporation of an interpenetrating polymer network into an existing 
single polymer network enables augmentation of the original substrate’s 
mechanical properties, and translation of this concept from purely synthetic 
materials to natural-synthetic hybrid systems provides the opportunity to 
reinforce mechanical properties of bulk biological substrates. In many disease 
states, bodily tissues experience a deterioration of mechanical properties which 
renders them prone to further material failure. Herein, a tissue-supplementing 
technique is described in which an interpenetrating biomimetic hydrogel is 
polymerized in situ throughout cartilage tissue (Figure 4.1). The treatment 
restores the inferior compressive properties of osteoarthritic cartilage to that of 
healthy cartilage, preferentially localizing to weaker regions of tissue. 
Furthermore, the treatment technique preserves cartilage under harsh 




 The synthesis of polymer double networks, or interpenetrating networks 
(IPNs), constitutes a valuable strategy for reinforcing and improving the mechan-
ical properties of one polymer network by physically entangling within it a se-
cond network. Several significant strategies are reported for installing a synthetic 
interpenetrating network to reinforce synthetic hydrogel networks,1-5 biological-
ly-inspired polymer networks,6 and biomolecule-derived polymer networks.7-10 
However, examples of hybrid natural-synthetic double networks, i.e. those in-
corporating a synthetic network within a naturally-occurring biopolymer net-
work, are limited to surgical sealants and adhesives.11-23 In these reported exam-
ples, the synthetic network forms a physical entrapment and interpenetration on-
ly at the tissue surface and not throughout the bulk of the tissue, and therefore 
such strategies are unable to afford improvement in mechanical properties 
throughout the tissue. 
 There exist many diseases in which biological tissue undergoes a 
degenerative weakening process; intervention with a reinforcing tissue-
interpenetrating network would be a novel approach to treat or to prevent 
further tissue damage. Moreover, this strategy has the potential to treat an entire 
tissue and is in contrast to strategies focused on filling a specific tissue defect or 
weakened region, as such examples only treat focal lesions and do not remedy 
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widespread degeneration.19, 21, 24-30 Osteoarthritis (OA) is one such disease where 
the depletion of glycosaminoglycans (GAGs), the highly charged polysaccharides 
responsible for maintaining tissue hydration and imparting healthy cartilage 
with its high resistance to compression, is a hallmark of the disease.31, 32 In a 
healthy state, the fixed negative charges of the GAGs attract and immobilize 
water molecules, thereby providing the tissue with significant load-bearing 
capacity; however as the GAG content of cartilage diminishes over time, so too 
does its compressive stiffness (Figure 4.2, left and left-center).33 Currently, there 
are no clinically-utilized biochemical or materials-based therapies that either a) 
mitigate GAG loss, or b) effectively replace lost GAG with a natural or synthetic 
substitute.  We hypothesized that formation of a polymer double network with 
collagen and a synthetic polymer that bears fixed charges would restore 
compressive strength to degenerated cartilage by mimicking the GAGs that 
interpenetrate and attract water via fixed charges in healthy tissue (Figure 4.2, 
right-center). Herein, we report the rationale for selecting a phosphorylcholine-
based polymer, the synthesis of a semi-natural-semi-synthetic hybrid 
interpenetrating network with cartilage using in situ photopolymerization, the 
polymer distribution profile within the tissue, and the assessment of this strategy 
to reinforce compressive properties and improve cartilage wear resistance. 
 In such a strategy, small charged monomers first diffuse throughout 
GAG-deficient cartilage and are then polymerized in situ. Precise chemical 
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mimicry of GAG, with its abundant negative charges, is not optimal as 
negatively charged monomers equilibrate in lower concentration within the 
tissue relative to the concentration in surrounding fluid.34-36 Positively charged 
monomers, in contrast, are electrostatically attracted to diffuse into the tissue,37, 38 
but many cationic molecules elicit undesirable toxicity.39-41 Therefore, the 
zwitterionic monomer 2-methacryloyloxyethyl phosphorylcholine (MPC) (Figure 
4.2, right), exhibiting no net molecular charge yet possessing charged phosphate 
and trimethylammonium functional groups, was selected as it is known to 
demonstrate biocompatibility42-44 and a high degree of hydration,45 even under 
extreme compressive loads.46-48 
4.3 Methods, results, and discussion 
4.3.1 IPN synthesis 
 Osteochondral cylindrical plugs (7 mm diameter) were cored from the sti-
fle joints of skeletally mature cows in a procedure similar to those reported pre-
viously49, 50 using a diamond-tipped coring bit (Starlite Industries, Bryn Mawr, 
PA), irrigated with 0.9% saline at room temperature. Throughout experimenta-
tion, plugs were stored at 4°C in 400 mOsm sodium chloride solution containing 
protease inhibitor benzamidine hydrochloride (5 mM), GIBCO Antibi-
otic/Antimycotic (Invitrogen, Grand Island, NY), and calcium ion chelating 
agent ethylenediamine tetraacetic acid (5 mM). In a typical treatment procedure, 
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bovine osteochondral explants were either used in their current state (“healthy”) 
or first enzymatically degraded (“degraded” or “OA”) to selectively decrease 
cartilage GAG content. Osteochondral plugs were degraded using 
chondroitinase ABC (Sigma Aldrich, St. Louis, MO) (0.1 U/mL in 50 mM 
tris(hydroxymethyl)aminomethane, 60 mM sodium acetate, 0.02% bovine serum 
albumin, pH 8.0) at 37°C for 24 h adapted from literature methods.51 The degrad-
ed plugs were then washed in saline to remove the enzyme and degraded 
glycosaminoglycans from the plug. 
 Osteochondral plugs were incubated in the dark for 24 h at 25°C in 400 
mOsm saline containing 2-methacryloyloxyethyl phosphorylcholine (MPC) (var-
ious concentrations ranging 5 to 75 w/v%), ethylene glycol dimethacrylate 
(EGDMA) as crosslinker (1% mol/mol MPC), eosin Y (0.1 mM), triethanolamine 
(115 mM), and N-vinylpyrrolidone (94 mM), the latter three components com-
prising a well-known visible-light photoinitiating system. 52-56  Plugs were sus-
pended upside down with articular surface exposed to solution to allow diffu-
sion of solutes. Plugs were removed from solution, gently blotted dry with paper 
towel, and irradiated with green laser light (514 nm) at 500 mW/cm2 for 10 min 
(Ultima SE, Lumenis, Santa Clara, CA). Photoirradiation was performed in a 
humid chamber to prevent tissue drying. 
 Plugs were then incubated in 50 mL saline to allow residual non-reacted 
monomer and photoinitiator to wash out. Washout solutions were saved for 
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analysis of non-reacted monomer concentration, indicating by HPLC that 
polymerization efficiency ranged from ca. 70 to 90% (Figure 4.3). Washout solu-
tions were thoroughly mixed, filtered (0.2 µm poly(tetrafluoroethylene) syringe 
filter), and analyzed by HPLC (ProStar, Varian, Palo Alto, CA). Eluent combina-
tion of water/acetonitrile (9/1 v/v) was used at a flow rate of 1 ml/min on a 
MetaChem 5 Taxsil 250 x 4.6 mm column with detection at 208 nm for the meth-
acrylate functional group of non-reacted MPC monomer, which eluted with re-
tention time of ca. 17.8 minutes. Known MPC concentrations were used to create 
a standard curve against which the experimental washout solutions were com-
pared. Concentration of MPC in the washout solutions following hydrogel 
treatment of cartilage specimens was determined via HPLC as described above. 
Given the concentration of MPC in each washout solution and the volume of 
each washout solution, the mass mwashed out of washed out MPC was calculated 
and divided by the theoretical mass mtheo of MPC soaked into each cartilage spec-
imen. mtheo was determined given the concentration of MPC in the incubation so-
lution during treatment and the free water volume of the cartilage samples; free 
water volume is the product of the cartilage volume (obtained from computed 
tomography) and 0.8, owing to the water content of the cartilage used in these 
studies and others21, 57-59 averaging 80%. As mwashed out / mtheo represents the per-
centage of MPC that was not incorporated within the interpenetrated hydrogel, 
hydrogel incorporation efficiency is given by 1 – (mwashed out / mtheo). 
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4.3.2 Biochemical characterization 
 Fourier transform infrared spectroscopy was used to investigate the pres-
ence of IPN within the cartilage. Hydrogel-treated cartilage from osteochondral 
samples was sliced off the bone using a scalpel and mounted onto a cutting block 
using Tissue-Tek freezing medium (Sakura Finetek, Torrance, CA). Slices of 10 
µm thickness were obtained on a rotary microtome (Microm International 
GmbH, Walldorf, Germany) in the coronal and transverse planes. Coronal tissue 
slices, with rectangular dimensions 7 mm wide (diameter of osteochondral plug) 
and ca. 1.5 mm tall (typical thickness of bovine cartilage), and transverse slices, 
circular, with 7 mm diameter, were mounted on potassium bromide crystal cards 
for FTIR spectroscopy. Infrared spectroscopy was performed on a Nicolet FT-IR 
(Thermo Scientific, Waltham, MA) in transmittance mode using non-IR absorb-
ing potassium bromide crystal cards (International Crystal Labs, Garfield, NJ) 
with a resolution of 0.25 cm-1 and number of scans = 32. Blank potassium bro-
mide crystal was used to obtain background spectrum. FTIR of histological tissue 
slices following treatment reveals a significant increase in absorbance at 1240 and 
1086 cm-1 arising from P=O and P-O stretching motions, respectively, attributed 
to MPC’s phosphate group, and the appearance of a new, strong absorbance at 
967 cm-1 is indicative of MPC’s trimethylammonium group; spectrum of MPC 
monomer alone shown for comparison (Figure 4.4a). 
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 Next, transverse slices of hydrogel-treated cartilage were obtained from 
three different zones of the cartilage depth (superficial zone, middle zone, and 
deep zone) in order to determine the treatment’s ability to yield hydrogel 
throughout the full tissue thickness. Superficial zone indicates a slice 100 µm 
from the articular surface, middle zone 500 µm from the articular surface, and 
deep zone 1.2 mm from the articular surface. FTIR spectra were obtained as de-
scribed above. The strong choline functional group absorbance at 967 cm-1 indi-
cates MPC hydrogel presence in all three cartilage zones, indicating the treat-
ment’s ability to penetrate throughout the full tissue thickness (Figure 4.4b). 
 By incorporation of the fluorescent monomer methacryloyloxyethyl 
thiocarbamoyl Rhodamine B during the tissue-incubation stage of the treatment 
procedure, fluorescence microscopy was used to visualize the interpenetrating 
hydrogel. Fluorescence microscopy was performed with a 10x objective under 
excitation at 540 nm and 580 nm longpass emission filter (IX81, Olympus Ameri-
cas, Waltham, MA). Figure 4.5a displays a 10x micrograph (540 nm λex, 580 nm 
λem), with high fluorescence intensity observed throughout the tissue depth 
compared to non-treated control tissue. 
 Further verification of the hydrogel’s presence throughout the tissue was 
obtained by enzymatic tissue digestion of hydrogel-treated cartilage using papa-
in. As papain cleaves peptide bonds while leaving carbon-carbon bonds (such as 
those along the MPC polymer backbone) intact, clear MPC hydrogel remained 
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following degradation and dissolution of the cartilage extracellular matrix (Fig-
ure 4.5b). The proteinaceous component of hydrogel-treated cartilage was enzy-
matically digested by incubation with papain (1 mg/ml in 50 mM monobasic so-
dium phosphate containing 5 mM ethylenediamine tetraaceticacid and 2 mM 
dithiothreitol) for one week at 60°C. 
4.3.3 Magnetic resonance imaging 
 With this chemical evidence of the polymer’s presence within the treated 
explants, we sought a translatable and clinically applicable, non-destructive im-
aging-based technique for investigating the depth-wise distribution of polymer 
within the cartilage and the distribution’s dependence on tissue composition at 
various depths. A degraded explant was imaged by T2-weighted magnetic reso-
nance imaging (MRI) before and following treatment at a monomer concentra-
tion of 60 w/v%. T2-weighted magnetic resonance imaging was adapted from 
earlier studies60, 61 and performed on an 8.45-T scanner (Bruker, Billerica, MA) 
using a 10-mm birdcage coil and RAREVRT pulse sequence comprised of eight 
effective TEs spanning 12-96 ms in 12-ms increments with TR of 3000 ms. A ma-
trix (128 x 128 pixels) was obtained for a field of view of 12.8 x 12.8 mm, corre-
sponding to an in-plane resolution of 100 µm, with an out-of-plane resolution of 
1 mm. 
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 The average T2 relaxation time constant over a central coronal slice un-
derwent a statistically-significant decrease following treatment, from 52.6 ± 8.6 to 
42.3 ± 5.1 ms (p<0.001); this is explained by the hydrogel’s localization in pores of 
the cartilage previously occupied by water. Since T2-weighted MRI is reflective of 
water volume fraction,62, 63 the treatment effectively filled tissue pores with pol-
ymer and, thus, the T2 relaxation time constant decreased (Figure 4.6a). The con-
centration of polymer in a region of tissue is proportional to the change in the T2 
relaxation rate (1/T2). By analyzing the change in 1/T2 along the gradient from 
cartilage-bone interface to articular surface, we observed that tissue regions with 
higher initial T2 values (generally weaker tissue) experienced greater increases in 
1/T2 following a single treatment (Figure 4.6b,c). This finding corroborates the 
results from the IR study and indicates that the distribution of polymer in treated 
cartilage is dependent upon the initial tissue composition, in that regions of 
greater water volume fraction (correlating with mechanically weaker tissue) re-
ceive more of the tissue-supplementing material. 
4.3.4 Compressive testing 
 Hypothesizing that this “smart” self-distribution of the GAG-inspired hy-
drogel throughout cartilage will improve compressive properties, we treated 
healthy and degraded osteochondral explants (N=20) as described above using 
monomer concentrations of 20, 40, and 60 w/v%. Pre-treatment and post-
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treatment unconfined compression testing was performed and equilibrium com-
pressive modulus (E) was computed. First, thickness measurements for strain 
calculation were performed via computed tomography at voxel resolution of 36 
µm3 (CT40, Scanco Medical AG, Brüttisellen, Switzerland) using an airtight 
sample holder to maintain a humid environment to prevent tissue drying. The 
CT data were converted to DICOM format and thicknesses were computed (Ana-
lyze, Mayo Clinic, Rochester, MN). Compressive testing was then performed by 
subjecting osteochondral plugs to a four-step, unconfined stress-relaxation pro-
cedure (Electroforce 3200, BOSE Corporation / TA Instruments, Eden Prairie, 
MN) using 5% strain/step at a compression rate of 5 µm/s against a non-porous 
platen. Briefly, the sample was secured in a saline-filled chamber and a pre-load 
(5 N) was applied to establish complete contact between the plug’s articular sur-
face and the rigid opposing platen. Following a dwell period (1000 s) to allow 
stress relaxation from the pre-load to occur, four incremental compression steps 
were applied with 45 minute dwell intervals between successive steps to allow 
stress equilibration. The compressive load, displacement, torque, and rotational 
data were collected at a sampling frequency of 10 Hz. Equilibrium compressive 
modulus was calculated by fitting a line to the equilibrium compressive stress vs 
strain data.  
 Healthy explants treated with a monomer concentration of 20 w/v% un-
derwent an average increase in E from 0.31 ± 0.02 to 0.41 ± 0.04 MPa, while de-
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graded explants treated at the same concentration increased from 0.22 ± 0.01 to 
0.40 ± 0.01 MPa, corresponding to statistically significantly different (p = 0.031 
and p = 0.007, respectively) increases in modulus of 32% ± 10% and 80% ± 15%, 
respectively (Figure 4.7a). The greater percent increase in E associated with de-
graded tissue state compared to healthy state is rationalized by a greater hydro-
gel volume filling fraction; as GAGs are enzymatically cleared from cartilage 
during OA, porosity increases and the cartilage’s water content increases,59, 64-66 
allowing a greater hydrogel filling volume.  A similar trend was observed at in-
creased treatment concentrations, and greater monomer concentrations correlat-
ed with greater absolute and relative increases in E. Likewise, MPC hydrogels, in 
the absence of cartilage, became stiffer at increasing concentrations (20 w/v%, 
liquid; 40 w/v%, E < 0.001 Pa; 60 w/v%, E = 0.0081 ± 0.0042 Pa; Figure 4.8) simi-
lar to other reported MPC hydrogels.67, 68 To synthesize the MPC hydrogels, MPC 
(20, 40, or 60 w/v%), EGDMA (1% mol/mol MPC), ammonium persulfate (0.1 
w/v%) and tetramethylethylenediamine (0.2 v/v%) were thoroughly mixed in 
nitrogen-purged deionized water and allowed to incubate at room temperature 
under nitrogen atmosphere for 24 h. MPC concentration of 20 w/v% resulted in 
a viscous liquid, 40 w/v% resulted in a soft hydrogel exhibiting significant vis-
cous dissipation of stress upon compression, and 60 w/v% resulted in a firmer, 
rubbery hydrogel. Gels synthesized from 40 and 60 w/v% were assessed by a 
four-step stress-relaxation compression test identical to that described above for 
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cartilage specimens, with the following alterations: testing was performed in 
humid air rather than aqueous solution as swelling of the gels was undesired 
and wouldn’t represent the experimental condition of swelling being resisted by 
the cartilage’s collagen matrix; pre-loads of 0.01 N and 0.1 N were used to estab-
lish reproducible and complete contact against the compressing platen for 40 and 
60 w/v% gels, respectively; initial dwell period following pre-load application 
was 10 s; rate of strain application was 0.333%/s; dwell intervals between steps 
was 100 s; and force and displacement data were collected at sampling frequency 
of 1 Hz. Three gels of each concentration were synthesized (N=3). 
 Cartilage treatment concentrations greater than 60 w/v% were not inves-
tigated, as we hypothesize that supraphysiologic articular cartilage compressive 
moduli would result; typical E values reported for human articular cartilage of 
the knee range 0.3-0.8 MPa,33, 69-71 thus we suspect that polymer treatment con-
centrations ranging ca. 10-50 w/v% may hold eventual therapeutic utility. 
4.3.5 Wear testing 
 Following demonstration of cartilage mechanical reinforcement at equilib-
rium conditions, we evaluated the hydrogel’s ability to prevent wear, as 
chondroprotective treatments are of significant interest. Explants (native carti-
lage or cartilage treated with interpenetrating hydrogel at a monomer concentra-
tion of 20 or 60 w/v%, N=3 each) were subjected to a torsional wear procedure 
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under constant compressive stress against polished stainless steel to simulate 
harsh articulation conditions. Explants were subjected to a torsional disc-on-disc 
unconfined wear procedure against polished stainless steel to simulate harsh 
articulation conditions. The procedure was composed of simultaneous constant 
compressive stress (0.78 MPa) and torsion (5000 rotations, 360°/s, effective 
perimeter velocity 22 mm/s; 10-s lift-offs every 200 s). The instantaneous tissue 
thickness was measured over time via the stainless steel’s creep displacement, 
and the thickness of the explants upon reequilibration in saline (after a period of 
18h) following up to three sequential procedures was determined by computed 
tomography. The steel countersurface used in this study was intended to cause 
supraphysiologic shear stresses to simulate accelerated wear. 
 Compared to non-treated control samples, the samples treated with 20 
and 60 w/v% hydrogel experienced statistically significantly less thickness loss 
at all time points throughout the first procedure and 34% and 63% less thickness 
loss, respectively, at the procedure’s completion (Figure 4.7b). The time deriva-
tive, i.e. the slope of the curves shown in Figure 4.7b (averaged over the final one 
third of the procedure) represents the rate of change in thickness, shown in units 
of percent strain/h. The rate of thickness change of hydrogel-treated cartilage (20 
and 60 w/v% concentrations) is approximately half that of non-treated cartilage 
(10.6 ± 2.7 and 10.0 ± 3.0 %ε/h compared with 22.8 ± 4.8 %ε/h, respectively; p = 
0.019 and 0.018, respectively). For comparison to physiologic non-wear-inducing 
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conditions, an identical cartilage wear procedure against a cartilage 
countersurface was also performed (Figure 4.7b, dashed orange curves), yielding 
a thickness change rate approximately an order of magnitude lower (1.9 ± 0.8 
%ε/h), indicating that under the conditions investigated by this procedure, carti-
lage-on-cartilage contact experiences negligible thickness loss while cartilage 
against stainless steel experiences a linear thickness loss. Despite articulating 
against stainless steel, the 60 w/v% hydrogel-treated group undergoes a similar 
strain profile as the group articulating against cartilage (Figure 4.7b, dark green 
vs oranges curves), supporting the treatment’s capacity to restore complex com-
pressive performance comparable to healthy tissue. 
 The first derivative with respect to time of the plot shown in Figure 4.7b, 
i.e. the rate of change of nominal compressive strain, is shown in Figure 4.9a. 
Given that the rate thickness change is derived from a combination of tissue 
creep occurring more so at earlier time points and tissue wear (and loss) occur-
ring more so at later time points, the times at which these curves equilibrate rep-
resent the point at which creep becomes negligible and the thickness change is 
dominated by tissue wear alone.72-74 These equilibration time points are indicated 
with red arrows in Figure 4.9a and were determined by computing each treat-
ment group’s standard deviation of the average rate of nominal compressive 
change over the final one third of the regimen, adding twice that standard devia-
tion to each treatment group’s average rate of change (displayed as dotted lines 
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for each group), and determining where each group’s rate of change curve inter-
sects its respective sum of average rate of change plus twice the standard devia-
tion. The rate of thickness change of non-hydrogel-treated cartilage equilibrates 
around 1400 s, indicating that the tissue begins to wear linearly around this time. 
Hydrogel-treated cartilage (both 20 and 60 w/v%) does not begin to wear linear-
ly, however, until ca. 3100 s, indicating that the hydrogel treatment delays the 
onset of wear by approximately twice as long. The rate of thickness change of 
cartilage articulating against cartilage also happens to equilibrate around approx-
imately 3100 s, although as the magnitude of thickness change rate is nearly a full 
order of magnitude lesser than for the groups articulating against steel, tissue 
wear is believed to be negligible. This delay of wear observed in the hydrogel-
treated groups holds therapeutic potential for reinforcing cartilage that is sub-
jected to damaging shear forces. 
 Furthermore, in addition to examining the equilibrium values and the 
time at which equilibration occurs for the rates of change of nominal compressive 
strain, the initial rates immediately after commencing the wear procedure also 
bear significance. While non-treated cartilage initially changes thickness at a rate 
of 281 ± 13%, cartilage treated with 20 w/v% IPN has a reduced rate of 215 ± 24% 
(24% less), and cartilage treated with 60 w/v% IPN has a significantly further re-
duced rate of 56 ± 7% (80% less than non-treated) (Figure 4.9b). In the three-hour 
wear procedure performed herein, the apparent reinforcement provided by the 
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IPN at early time points in addition to the later time points highlights the robust 
performance of the IPN to not only resist wear during pseudo-equilibrium shear-
ing at compressive stress relaxation, but also to slow compression upon initial 
loading and delay the tissue’s interstitial water from exuding—a benefit known 
to prevent wear. 
 Native cartilage was completely worn to the bone (0% thickness remain-
ing) following two successive wear procedures, while 20 w/v% hydrogel-treated 
cartilage maintained 48 ± 11% of its initial thickness, and 60 w/v% hydrogel-
treated cartilage withstood a third wear procedure and maintained 68 ± 9% of its 
initial thickness, indicating significant improvements in tissue preservation (Fig-
ure 4.7c). This follows from the rates of thickness change, i.e. the wear rates de-
rived from the creep curves in Figure 4.7b, as the greater wear rate associated 
with non-treated cartilage results in greater thickness loss. We propose that the 
interpenetrating network protects cartilage from wear resistance by a variety of 
physical mechanisms, most significantly: 1) through polymer chain entangle-
ment, the physically-entrapped network dissipates shear stress entropically to 
reduce the stress on the cartilage matrix, akin to other reinforcing double net-
works,1, 75, 76 and 2) because the hydrogel is known to strongly immobilize water, 
cartilage interstitial fluid load support is maintained for a longer duration into 
the wear procedure compared to non-treated cartilage. It is also plausible that 
during steady state cartilage wear, i.e. while thickness is linearly decreasing, the 
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magnitude of the treated cartilage’s interstitial fluid pressure is greater than that 
of non-treated cartilage, and this may be a significant factor in the ability to resist 
wear because it allows more load to be borne by the fluid component of the tis-
sue rather than by the solid component, which directly addresses a pathology 
commonly implicated in OA.77-79 Studies are ongoing to further characterize the 
tissue-protective abilities of this system. 
4.4 Conclusion 
 In conclusion, the in situ synthesis of synthetic polymer networks 
interpenetrated with biological tissue is a useful approach for improving 
biological materials in need of reinforcement. The tissue-reinforcement 
mechanism reported in this study affords a polymer double network that 
interpenetrates the entire cartilage tissue and increases the tissue’s equilibrium 
compressive modulus and wear resistance, providing greater magnitude of 
strengthening to softer tissue areas and demonstrating preservation of cartilage 
volume following subjection to harsh articulation. Such a strategy holds promise 
for the development of biomaterials-based therapies that augment the 
suboptimal mechanical properties of diseased soft tissues. 
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Figure 4.1: Graphic abstract. “Bring in the reinforcements!” Cartilage-
interpenetrating hydrogel reinforces the tissue’s bulk, providing strength and 
wear-resistance with an in situ photopolymerized zwitterionic interpenetrating 
polymer network. Biomimetic monomers are first diffused throughout the tissue, 
followed by application of green light to form an entangled polymer network. 
 
 
Figure 4.2: Schematic of healthy, osteoarthritic, and hydrogel-reinforced 
cartilage. GAG depletion during OA decreases cartilage stiffness and wear-
resistance; to recover lost properties, a cartilage-hydrogel double network is 
formed, with stiffness greater than either constituent material alone. Synthetic 
GAG-mimetic network is composed of hydrophilic zwitterionic monomers 




Figure 4.3: Incorporation efficiency as a function of initial monomer treatment 
concentration and state of cartilage degradation. The overall average incorpora-
tion efficiency was 78%. Error bars represent standard deviations; N=3. 
 
 
Figure 4.4: (a) FTIR spectra of cartilage alone, MPC alone, and MPC hydrogel-
treated cartilage; presence of MPC hydrogel within the cartilage was confirmed 
by the large choline functional group absorption peak at 967 cm-1. (b) FTIR spec-
tra of depthwise slices of hydrogel-treated cartilage; non-treated cartilage as a 
control shown for comparison. Superficial zone, 100 µm from the articular sur-






Figure 4.5: Biochemical characterization of hydrogel presence throughout carti-
lage. (a) By doping the monomer solution with a rhodamine-derived methacry-
late monomer, fluorescence microscopy allows visualization of hydrogel-treated 
tissue (top) and quantification of fluorescence intensity spanning the cartilage-
bone interface to the articular surface (bottom). (b) A semi-disc (7 mm diameter) 
of hydrogel-treated cartilage (top) was sliced into small pieces (center) and its 





Figure 4.6: T2-weighted MRI of an osteochondral explant before and following 
hydrogel treatment indicates hydrogel distribution. (a) Cartilage T2 maps 
(coronal view) before and following hydrogel treatment, with T2 values averaged 
over the entire cartilage decreasing from 52.6 ± 8.6 to 42.3 ± 5.1 ms; scale bar, 1 
mm. (b) Average T2 as a function of distance from the cartilage-bone interface to 
the articular surface. (c) The strong, statistically significant correlation between 
pretreatment T2 and change in 1/T2 following treatment suggests that the 
hydrogel preferentially localizes to tissue regions of most porosity (i.e. higher 
pretreatment T2 values), thus causing a greater increase in 1/T2 in those regions 





Figure 4.7: Interpenetrating hydrogel increases cartilage compressive modulus 
(E), and attenuates creep and reduces wear following repeated articulation. (a) 
Increase in E (relative and absolute) is positively associated with monomer 
concentration, and degraded tissue underwent greater E increase than healthy 
control tissue. Average E increase in parentheses; N=3-4 each group. (b) 
Compressive creep strain as a function of time for cartilage alone and hydrogel-
treated cartilage over 5000 cycles of articulation against stainless steel. Cartilage 
articulating against cartilage shown for comparison (dashed orange). Magnitude 
of curve slopes displayed in bold text. Thick curves, averages; thin curves, 
individual samples; N=3. (c) Thickness of cartilage alone and of hydrogel-treated 
cartilage following up to three sequential wear procedures. Thickness 





Figure 4.8: Exemplary stress-strain curves for MPC hydrogels synthesized at 
concentrations of 40 w/v% and 60 w/v% (a) and average equilibrium compres-





Figure 4.9: (a) Rate of change of nominal compressive strain, i.e. thickness as a 
function of articulation time against stainless steel (or against cartilage in the case 
of the dashed orange curve). Rate of thickness change is approximately two-fold 
less upon equilibration for hydrogel-treated cartilage (20 and 60 w/v% concen-
trations) than for non-treated cartilage (10.6 ± 2.7 %ε/h and 10.0 ± 3.0 %ε/h com-
pared with 22.8 ± 4.8 %ε/h, respectively; p = 0.019 and 0.018, respectively). The 
time at which the rate of thickness change equilibrates (given by the time at 
which the thickness change curve equals two standard deviations greater than 
the average equilibrium rate of thickness change) is also approximately two-fold 
less (ca. 1400 s for non-treated cartilage versus ca. 3100 s for both 20 w/v% and 60 
w/v% groups as well as for cartilage articulating against cartilage). N=3 each 
group. (b) Initial rate of change values of nominal compressive strain; 20 w/v% 
treated group’s value is 24% less than that of non-treated group (p = 0.015), and 




5. Chapter V. Reinforcement of Articular Cartilage with a Tissue-
interpenetrating Polymer Network Reduces Friction and Modulates Interstitial 
Fluid Load Support 
5.1 Abstract 
 Osteoarthritis is associated with increased articular cartilage hydraulic 
permeability and decreased maintenance of high interstitial fluid load support 
during articulation, resulting in increased friction on the cartilage solid matrix. 
This study assesses frictional response following in situ synthesis of an interpene-
trating polymer network designed to mimic glycosaminoglycans depleted dur-
ing osteoarthritis. Cylindrical osteochondral explants containing various inter-
penetrating polymer concentrations were subjected to a torsional friction test 
under unconfined creep compression. Time-varying coefficient of friction, com-
pressive engineering strain, and interstitial fluid load support proportion were 
calculated and analyzed. The polymer network reduced friction coefficient over 
the duration of the friction test, both under moderate fluid load support as well 
as under 0% fluid load support. A trend was observed, positively relating poly-
mer network concentration with magnitude of friction reduction compared to 
non-treated tissue. The calculated hydraulic permeability of polymer-treated tis-
sue was 27% decreased compared to non-treated tissue. The cartilage-
interpenetrating polymer treatment improves lubrication by augmenting the bi-
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phasic tissue’s interstitial fluid phase, and additionally improves the friction dis-
sipation of the tissue’s solid matrix. This technique demonstrates potential as a 
therapy to restore optimal tribological function of degenerated cartilage. 
5.2 Introduction 
 Articular cartilage is the smooth, hydrated hyaline cartilage that supports 
compressive and shear forces applied to diarthrodial joint surfaces, providing 
low coefficients of friction (COF) and resisting material failure for many decades 
of use in healthy individuals. Several general models for articular cartilage are 
described, including a biphasic framework1 (with tissue comprised of a solid ma-
trix and an interstitial fluid phase) and a triphasic framework2, 3 (incorporating an 
ionic phase of fixed and mobile charges). The solid matrix is comprised of an extra-
cellular biopolymer matrix of predominantly type II collagen, along with 
hyaluronan, proteoglycan complexes (glycosaminoglycan (GAG) chains attached 
to a peptide backbone), and chondrocytes. Porosity and hence permeability of 
the solid matrix are key defining characteristics of this phase,4 as are various oth-
er elements of structure including compressibility, anisotropy due to collagen 
fibril orientation,5 and tensile strength of the matrix.6 An aqueous solution of 
proteins, hyaluronan, and other solutes, known as synovial fluid, constitutes the 
tissue’s interstitial fluid phase. As typically 65-85 w/w% of cartilage is water, the 
fluid phase plays an important physiologic role with respect to diffusion-based 
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transport, and it also contributes significantly to tissue compressive properties. 
As cartilage is compressed, water (being incompressible) is expelled from the tis-
sue; the rate of this expulsion is limited largely by the solid matrix’s permeabil-
ity, as well as by the hydrophilicity of GAGs which attract and retard the out-
ward flow of water molecules. Thus, when the tissue is initially loaded in com-
pression, nearly 100% of the load is supported by the fluid phase, and as water 
molecules flow out of the matrix as the tissue creeps to equilibrium under con-
stant compressive load, the interstitial fluid load support (IFLS) decreases from 
near 100% to 0%.7 Over this transition, the proportion of total load supported by 
the tissue’s solid phase likewise increases from near 0% to 100% upon compres-
sive equilibration. In a configuration of migrating rather than stationary loading 
contact, such as in various reciprocating friction testing experiments, IFLS may 
be maintained at a high value near 100% pending certain conditions, e.g. a sub-
stantially high  ratio of time unloaded to time loaded, or a substantially low 
compressive force.8 It should be noted that not all water molecules are mobile, 
and only “free” water in the fluid phase is able to exude from the tissue upon 
compression while “bound” water is electrostatically immobilized by fixed 
charges within the tissue9 (hence “bound” water is more accurately classified as 
part of the solid phase than the fluid phase). The ionic phase of the tissue plays a 
role in triphasic theory of cartilage material and mechanical properties; fixed 
negative charges within the solid matrix, arising from sulfate and carboxylate 
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functional groups of GAGs, are balanced by mobile sodium, potassium, and cal-
cium cations through Donnan equilibrium, and exhibit an electrostatic resistance 
to being compressed as the anionic groups repel one another upon loading. Fur-
thermore, the ionic phase gives rise to cartilage’s dependence of compressive 
properties on salt concentration, with increasing presence of salts causing a 
charge screening effect and thereby decreasing the fixed negative charges’ i) elec-
trostatic resistance to compression and ii) attraction to mobile and non-mobile 
water molecules.10 
 As human knee and hip articular cartilage experiences about 900,000 to 1 
million articulation cycles in a typical year, its lubrication is essential in main-
taining low friction and wear. Owing to the biphasic nature of cartilage as well as 
its viscoelasticity and variability in loading conditions under different physiolog-
ic circumstances (e.g. alterations in synovial fluid viscosity with aging or disease, 
and various loading magnitudes caused by body weight and carrying load), sev-
eral lubrication mechanisms have been studied over the last half century. The 
majority of investigations of cartilage COF have been conducted at equilibrium 
(either in creep or stress-relaxation), when the IFLS is ~0%.11-13 Under such condi-
tions when nearly 100% of the load is supported by the tissue’s solid phase, lu-
brication of cartilage is approximated as occurring analogous to that of a mo-
nophasic elastic solid, with classical modes of boundary and elastohydrodynamic 
(fluid film) lubrication being operative. An alternative mechanism, known as 
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“boosted” lubrication, occurs as water molecules in the interposed fluid film be-
tween apposing cartilage surfaces are driven into the tissue matrix; this causes 
the local concentration of lubricating macromolecules in synovial fluid (hyalu-
ronic acid, lubricin, and phospholipids) to be increased or “boosted,” forming a 
lubricious gel at the tissue interface. In contrast to a 0% IFLS scenario, the pres-
ence of substantial IFLS greatly reduces the tissue’s friction and causes alternate 
stress dissipation phenomena. Upon initial compressive loading concurrent with 
sliding, negligible solid-solid frictional forces exist between the apposing carti-
lage surfaces, since the tissue’s interstitial fluid phase supports nearly 100% of 
the applied load. Under these ~100% IFLS conditions, the expulsion of interstitial 
fluid from the tissue’s bulk and into the interfacial region between the tissues, 
known as “weeping,” allows the two surfaces to be kept apart via a self-
pressurized interfacial fluid in a hydrostatic mode of lubrication.14-16 In these 
types of studies, the COF (as well as the creep deformation) varies directly with 
the IFLS,7, 17, 18) and the ability to maintain near 100% IFLS has been postulated as 
a characteristic critical for affording low COF and high wear resistance over a 
synovial joint’s many decades of use. 
 A primary disease of articular cartilage occurring with advanced age is 
osteoarthritis (OA), associated with degradation of cartilage material properties 
and causing wear. Loss of GAGs, an early hallmark of OA, decreases the dynam-
ic and equilibrium compressive moduli of the cartilage by allowing increased 
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rate of water exudation and decreased quantity of GAG-bound water, respective-
ly. Furthermore, the hydraulic permeability of cartilage is increased, causing 
IFLS to decrease at a faster rate upon loading,19 exacerbating cartilage degenera-
tion by increasing the occurrence of solid-solid contact-derived friction.20 
 Currently, there are no therapies that mitigate the loss of GAGs or effec-
tively replace lost GAGs. We hypothesize that a treatment which restores high 
IFLS may improve cartilage function by reducing solid-solid interfacial friction. 
We recently reported a new cartilage-reinforcing technique—administration of a 
GAG-inspired zwitterionic polymer 2-methacryloyloxyethyl phosphorylcholine 
(pMPC) that reconstitutes cartilage matrix hydrophilicity.21 The treatment in-
volves forming, through in-situ photopolymerization, a semi-synthetic interpene-
trating polymer network (IPN) entangled with native collagen fibrils (Figure 
5.1a) that increases the compressive stiffness and wear resistance of treated carti-
lage during accelerated wear testing against stainless steel when IFLS began high 
and was allowed to subside from 100% to 0%. The present study investigates the 
frictional response of IPN-treated cartilage sliding against IPN-treated cartilage 
and investigates the effects of the interpenetrating polymer on the relationship 
between IFLS and COF. 
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5.3 Methods 
5.3.1 Sample preparation and IPN treatment 
 Nine pairs of osteochondral cylindrical plugs (7 mm diameter) were cored 
from the stifle joints of skeletally mature cows in a procedure similar to those re-
ported previously13, 22 using a diamond-tipped coring bit (Starlite Industries, 
Bryn Mawr, PA), irrigated with 0.9% saline at room temperature. Throughout 
experimentation, plugs were stored at 4°C in 400 mOsm sodium chloride solu-
tion containing protease inhibitor benzamidine hydrochloride (5 mM), GIBCO 
Antibiotic/Antimycotic (Invitrogen, Grand Island, NY), and calcium ion chelat-
ing agent ethylenediamine tetraacetic acid (5 mM). Two groups of N=3 
osteochondral plugs were incubated in the dark for 24 h at 25°C in 400 mOsm 
saline containing 2-methacryloyloxyethyl phosphorylcholine (either 20 or 60 
w/v%), ethylene glycol dimethacrylate (1% mol/mol 2-methacryloyloxyethyl 
phosphorylcholine), eosin Y (0.1 mM), triethanolamine (115 mM), and N-
vinylpyrrolidone (94 mM). Plugs were suspended upside down with articular 
surface exposed to solution to allow diffusion of solutes. Plugs were removed 
from solution, gently blotted dry with paper towel, and irradiated with green 
light (514 nm) at 500 mW/cm2 for 10 min (Ultima SE, Lumenis, Santa Clara, CA). 
Photoirradiation was performed in a humid chamber to prevent tissue drying. 
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Plugs were then rinsed in saline to allow residual non-reacted monomer and 
photoinitiator to wash out. 
5.3.2 Friction testing 
 Specimens (non-IPN treated native cartilage or cartilage treated with IPN 
at a monomer concentration of 20 or 60 w/v%, N=3 each) were subjected to a 
torsional disc-on-disc unconfined friction test, lubricated by 400 mOsm saline 
(Figure 5.1b). The procedure was composed of simultaneous constant compres-
sive stress (0.78 MPa) and torsion (10,080 rotations, 360° s-1, effective perimeter 
velocity 22 mm s−1; 10-s lift-offs every 160 s to allow saline lubricant reintroduc-
tion to the tissue interface) (TA Electroforce 3200). The instantaneous creep de-
formation was measured over time and converted to compressive engineering 
strain given the known cartilage thickness determined via average caliper meas-
urement at six locations around each plug’s circumference. COF was calculated 
from the torque and normal force measured at 10 Hz. Both creep deformation 
and COF values were binned and averaged over sequential 160-s intervals. 
5.3.3 Calculation of IFLS 
 IFLS has been measured directly in prior reports using a microchip 
piezoresistive pressure transducer placed on face of cylindrical cartilage discs 
opposite the articular surface (separated from subchondral bone with a sledge 
microtome),6, 23, 24 and creep deformation has been shown to linearly correlate 
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with IFLS.17 In the present study, IFLS is not measured directly but rather is cal-
culated from a relationship (Equation 5.1) supported by theory25, 26 and experi-
ment.17 
      
  
 
   
   
  (Equation 5.1) 
In this relationship, ε is the instantaneous compressive engineering strain, εeq is 
the equilibrium compressive engineering strain, and φ is the fraction of articulat-
ing contacting area over which solid-to-solid contact occurs. φ is related to the 
solid volume fraction of the two articulating tissues, reported in the literature as 
averaging 30 v/v% (corresponding to 70 v/v% water content) for mature bovine 
cartilage, and hence the solid phases of the two tissues are in contact over φ = 0.3 
× 0.3 = 9% of the apparent contact area, yielding 1 – φ = 0.91.7, 27 IFLS values were 
thus derived, ranging from 100% at the beginning of the test, to 0% at equilibri-
um. IFLS values were binned and averaged over sequential 160-s intervals. 
5.3.4 Statistics 
 Statistically significant differences in COF and ε were identified via Stu-
dent’s t-tests with two-tailed probability level p < 0.05. 
5.4 Results 
 Over the duration of the three-hour torsional friction test, COF increased 
as a function of time for non-IPN treated cartilage as well as for both groups of 
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IPN-treated cartilage containing 20 and 60 w/v% interpenetrating polymer (Fig-
ure 5.2). COF of 60 w/v% IPN treated plugs became statistically significantly less 
than that of non-IPN treated plugs after 4960 seconds of the 10,080-second test 
elapsed, and equilibrium COF upon the test’s completion (COFeq) was 24% lower 
than that of non treated tissue (p = 0.015). COF of 20 w/v% treated plugs did not 
statistically significantly differ from that of non-treated plugs. 
 The creep deformation, represented as the compressive engineering strain 
ε also increased as a function of time for all three treatment groups (Figure 5.3). ε 
became statistically significantly different between non-treated and 60 w/v% 
treated groups after 320 seconds, with equilibrium strain (εeq) 22% lesser for 60 
w/v% treated tissue than for non-treated tissue (p = 0.022). 20 w/v% and non-
treated tissue did not differ in εeq. Creep equilibration time constant τε (i.e. the 
characteristic time constant required for ε to rise (1-e-1) percent of the way to-
wards εeq) was increased by 9% for the 60 w/v% treated compared to non-treated 
tissue (time constant 1233 ± 29 vs 1133 ± 153 seconds, means ± standard devia-
tions, p = 0.017); time constants were not statistically significantly different for 20 
w/v% treated tissue vs non-treated tissue. 
 IFLS was derived from the creep deformation response (Equation 5.1) and 
decreased from approximately 80% averaged over the test’s first 160 seconds, to 
0% upon the test’s completion (Figure 5.4). COF was then plotted as a function of 
IFLS, revealing distinct relationships for each treatment group, each fit with a 
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least squares exponential regression curve (R2 > 0.995) (Figures 5.5a, 5.6). For 
both concentrations of IPN treatment, percent reduction in COF compared to 
COF of non-treated tissue was calculated and plotted as a function of IFLS; both 
groups demonstrate greater reductions at lower IFLS values, with the 60 w/v% 
IPN treated group’s COF being statistically significantly lower than that of the 
non-treated group (p < 0.05) for IFLS values ≤ 8% (Figure 5.5b). The 20 w/v% 
IPN treatment group’s reduction in COF was not statistically significant over the 
range of IFLS studied. 
5.5 Discussion 
 In a frictional creep test of the nature performed in this study, the COF is 
interrogated as IFLS subsides from 100% to 0%. This procedure yields COFs that 
increase as a function of time28 as shown in Figure 5.2, with COFs equilibrating 
concurrent with creep deformation equilibrium. The differences in COF became 
statistically significant between 60 w/v% treated and non-treated tissue approx-
imately half-way into the three-hour test (24% reduction in COF compared to 
non-treated tissue), whereas the difference in COF between 20 w/v% and non-
treated tissue demonstrated a non-statistically significant 5% reduction in COF 
compared to non-treated tissue. The IPN dose-dependence of the frictional re-
sponse agrees with the observed dose-dependence of the compressive stiffness 
and wear-resistance as reported in our prior study,21 and the IPN’s reduction of 
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friction reported herein may be one of the primary reasons causing its improve-
ment in wear-resistance. While the magnitude of COF is affected by the presence 
of IPN, the characteristic shapes of the three COF curves as a function of time are 
not statistically significant; all three curves possess similar COF equilibration 
time constants. 
 Engineering compressive strain ε statistically significantly differed as a 
function of time over the majority of the friction test for the 60 w/v% treated tis-
sue compared with non-treated tissue (Figure 5.3). This attenuation of creep de-
formation (22% reduction by the test’s equilibrium) is related to the increased 
equilibrium stiffness that the IPN imparts.21 In contrast to COF vs time profiles, 
the creep deformation time course profiles do statistically significantly differ in 
equilibration time constant τε, which lengthened by 9% for the 60 w/v% treated 
compared to non-treated tissue. This increased time constant represents the in-
creased time required for tissue to deform in response to the constant load ap-
plied, and likely originates from two underlying mechanisms. Primarily, the 
IPN’s retardation of water’s expulsion from the tissue occurs due to the polymer 
network’s highly hydrophilic functional groups’ attraction to flowing water mol-
ecules, hence slowing their flow, as well as the polymer network’s effective de-
crease in the tissue’s hydraulic permeability due to physical occupation of tissue 
pores, thus decreasing the effective pore size.  Indeed, an effective hydraulic 
permeability κ may be calculated29, 30 given sample thickness h and heq in initial 
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and equilibrium compressed state, respectively, creep deformation equilibrium 
time constant τε, and equilibrium compressive modulus E (calculated from the 
ratio of equilibrium stress to equilibrium strain) from Equation 5.2, 
   
    
     
  (Equation 5.2) 
and the non-treated tissue’s time constant of 1133 ± 153 seconds is found to cor-
respond to a calculated hydraulic permeability of 3.4·10-16 m2/Pa·s, while the 60 
w/v% treated tissue’s 9% increased time constant of 1233 ± 29 corresponds to a 
27% decreased calculated hydraulic permeability of 2.4·10-16 m2/Pa·s. Hydraulic 
permeability values ranging 1·10-16-1·10-14  m2/Pa·s are typical of bovine articular 
cartilage.31-33 
 The second mechanism explaining the lengthened time constant value 
upon IPN treatment is the entropic contribution from the interpenetrating poly-
mer network, as the relatively mobile polymer chains occupy a variety of con-
formational states during the process of matrix compressive equilibration, thus 
increasing the time required for deformation to equilibrate under constant stress. 
Unlike a change in the matrix’s hydraulic permeability, the polymer’s entropic 
contribution to creep relaxation represents a change in fluid-flow-independent 
viscoelasticity of the solid matrix, and indicates that the IPN may directly influ-
ence both the solid phase as well as fluid phase of the tissue.  
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 IFLS varied similarly with time for all three treatment groups (Figure 5.4). 
We hypothesized that increasing concentrations of IPN, particularly at 60 w/v%, 
would sustain elevated IFLS values over the beginning portion of the test, effec-
tively enabling the tissue’s fluid phase to support a greater proportion of load 
(compared to the solid matrix’s load support), as well as maintain the elevated 
load support for a longer duration than non-IPN-treated tissue. This finding was 
not observed, as non-treated and 60 w/v% IPN treated tissue demonstrated simi-
lar IFLS time course profiles. 
 The lack of difference between these groups’ calculated IFLS may derive 
from the inherent difference in their magnitude of creep deformation, and the 
existence of an intimate connection between the equilibrium compressive defor-
mation εeq and the rate at which the deformation occurs. In particular, there exist 
maximum confining limits on the phenomena that govern the rate of tissue de-
formation under compressive load, including i) rate of bound or interstitial water 
dissociating from nearby charged or otherwise hydrophilic centers and becoming 
free or bulk water, ii) velocity of water molecules exuding through the tissue ma-
trix (limited by permeability), and iii) rate of solid biopolymer matrix collapse 
and rearrangement. Each of these types of events, along with possible others, 
possess probabilistically maximum rates at which they occur, which, when 
summed together, govern an upper bound to the rate at which articular cartilage 
can compress under load. In the present study, both the non-treated tissue and 60 
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w/v% treated tissue were initially loaded with identical stress and began com-
pressing at similar deformation rates, yet the non-treated tissue’s εeq was signifi-
cantly greater than the 60 w/v% treated tissue’s εeq (43% vs 33%). Thus, since 
IFLS is derived from the measured ε values, then it follows that the non-treated 
tissue’s IFLS cannot simply decrease as rapidly as hypothesized, since the upper 
limit of the calculated IFLS is confined by the maximal rates of tissue defor-
mation. To address this, future studies of this tissue treatment technique will 
measure IFLS directly rather than derive it from other measured variables, and 
differences in creep and IFLS time course profiles will be investigated for tissues 
with equivalent equilibrium deformations, to rule out convoluting effects of this 
variable. 
 Finally, we examined the IPN’s effect on the relationship between COF 
and IFLS. Whereas COF’s IPN dose dependence is not readily observed as a 
function of time (Figure 5.2), a clear trend is apparent in COF as a function of 
IFLS; for any particular IFLS value, increasing IPN concentrations provide re-
duced COF (Figure 5.5a showing exponential regression curve, Figure 5.6 show-
ing standard deviations as error bars) This indicates that the IPN’s presence al-
ters the frictional response of the tissue. Given that, at lower IFLS values, equiva-
lent COFs can be attained when increasing IPN concentrations are present, the 
IPN may enable articular cartilage to be loaded with greater force (e.g. increased 
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body weight or carrying load) while still allowing equivalent COF to non-treated 
tissue without the additional load. 
 Percent reduction in COF of IPN treated tissue compared to that of non-
treated tissue reveals not only that 60 w/v% IPN provides improved lubrication 
compared with 20 w/v%, but also that the magnitude of improvement is further 
increased at lower IFLS (statistically significantly so for IFLS ≤ 8% (Figure 5.5b). 
When IFLS is low and solid matrix load support is high, cartilage behaves more 
similarly to a classical monophasic elastic material under friction; under such 
conditions, along with the low lubricant viscosity (ca. 1 mPa·s), moderate speed 
(22 mm s-1), and moderate stress (0.78 MPa) of the testing configuration, bounda-
ry mode lubrication is expected to be operative.8 The IPN’s reduction of friction 
under equilibrium, boundary lubrication conditions indicates that the tissue-
interpenetrating polymer network either i) continues to assist either the solid or 
fluid phase of the tissue dissipate frictional forces (despite the calculated IFLS 
reaching 0% in the present study), or ii) a certain amount of surface-active poly-
mer contributes directly to friction dissipation as a boundary lubricant. These 
possibilities warrant further investigation by directly measuring the IFLS at 
creep-equilibrium and by grafting the GAG-inspired zwitterionic polymer to the 
articular surface without penetrating the bulk, respectively. 
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5.6 Study limitations 
 The scope of this study is limited in that compressive and frictional prop-
erties are heavily dependent upon loading and operating conditions; interpreta-
tions of the results apply specifically to the load, rotational speed, specimen ge-
ometry, and lubricant used in this experiment. Unconfined compression used in 
the present study allows lateral exudation of water through non-physiologic cut 
edges around the plug’s circumference; the IPN’s ability to alter interstitial fluid 
flow should be examined in unconfined plug compression or in an intact joint 
surface model. Additionally, a migrating contact area configuration should be 
examined (opposed to static contact area studied herein), which allows for 
maintenance of low COF and near 100% IFLS as tissue is reciprocally loaded and 
unloaded; the IPN’s presence will likely enable increased loading, increased re-
ciprocating speeds, and/or decreased stroke length while maintaining high IFLS. 
Future testing at decreased compressive loads (resulting in εeq values of 10-30% 
rather than 30-40% will likely reveal alternate creep deformation profiles, as 
compression approaching ε of 40% renders substantially decreased hydraulic 
permeability (as pore size decreases under compression34) that may diminish 
subtle differences in the creep response of IPN-treated tissue vs non-treated tis-
sue. Alternate loads, as well as articulation speeds and lubricant types, should be 
investigated to further understand the IPN’s effect on various lubrication modes. 
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Finally, this study is limited in that while creep deformation has been demon-
strated to linearly relate to measured IFLS,17 the IFLS was not directly measured 
in the present study but rather was derived from the measured creep data. Fu-
ture studies will experimentally measure the IFLS of IPN-treated tissue, as well 
as investigate additional modes of the interpenetrating polymer’s role in cush-
ioning and lubricating. 
5.7 Conclusion 
 In summary, we have demonstrated that reinforcement of articular carti-
lage with a GAG-inspired interpenetrating polymer network reduces the tissue’s 
time-varying COF under both non-zero and zero IFLS conditions. The IPN me-
chanically mimics the ability of matrix-localized GAG biopolymers to confer tis-
sue lubrication as IFLS subsides from 100% to 0%,28 and likewise reduces tissue 
hydraulic permeability. As both COF and hydraulic permeability increase with 
advancing osteoarthritis, the treatment technique investigated herein may restore 
tribological function of degenerated tissue to optimal levels. In the presence of 
IPN, the COF values are reduced over a wide range of IFLS values, suggesting 
that the polymer network assists the fluid phase’s dissipation of frictional forces 
and may in turn prevent physiologic wear by maintaining low friction. Future 
studies will assess the polymer reinforcement’s potential as a disease mitigating 
or preventing therapy. Continued development and evaluation of novel cartilage 
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reinforcement therapies, such as this one as well as others, is encouraged, as it 
will have a direct impact on patient care by providing additional treatment op-
tions beyond pain management and total joint replacement. 
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Figure 5.1: (a) Relative to native cartilage, cartilage reinforced with an interpene-
trating network (IPN-treated) allows a greater proportion of load support by the 
tissue’s fluid phase (opposed to by solid matrix), in turn allowing sliding fric-
tional forces to be dissipated through the fluid phase (opposed to the high solid-






Figure 5.2: COF as a function of time. Error bars represent standard deviations, 




Figure 5.3: Compressive engineering strain, ε, as a function of time. Error bars 
represent standard deviations, N=3. * p = 0.022 comparing εeq of non-IPN treated 











Figure 5.5: (a) COF as a function of IFLS, with least squares exponential regres-
sion curves and corresponding coefficients of determination. N=3, error bars 
omitted for clarity but shown in Figure 5.6. (b) Percent reduction in COF of 20 





Figure 5.6: COF as a function of IFLS, N=3, with error bars shown. (Plot identical 
to Figure 5.5a) 
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6. Chapter VI. A Bulk-reinforcing, Articular Cartilage-interpenetrating Polymer 
Network Reduces Friction and Enhances Lubricity of Synovial Fluid over a 
Range of Sliding Speeds 
6.1 Abstract 
 The frictional properties of articular cartilage bear significant differences 
with those of classical incompressible, nonporous materials. While past efforts to 
improve cartilage lubrication have focused on conventional 
tribosupplementation at the tissue surface, we have developed a cartilage-
reinforcing technique involving tissue impregnation with an entangled, hydro-
philic polymer that immobilizes water molecules. This study aimed to identify 
the range of sliding speeds over which the polymer treatment reduces friction, as 
well as to investigate differences in friction between lubrication by saline or syn-
ovial fluid and the polymer’s effect on such differences. Stribeck curves for pol-
ymer-treated cartilage are generated via torsional disc-on-disc friction testing at 
compressive stress and torque equilibrium. The tissue-penetrating polymer re-
duces cartilage friction over sliding speeds ranging 0.3 mm/s to 66 mm/s in the 
presence of both saline and synovial fluid. Furthermore, increasing concentra-
tions of the polymer improve the lubricity conferred by synovial fluid compared 
to that by saline, essentially improving the effectiveness of synovial fluid as a 
lubricant. This phenomenon is postulated to arise from the polymer’s alteration 
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of tissue permeability and thus enhanced contribution to mesh-confined lubrica-
tion in the presence of synovial fluid opposed to saline. This study demonstrates 
the wide therapeutic window of operating conditions and lubrication mecha-
nisms over which the cartilage-reinforcing polymer reduces friction and allows 
synovial fluid to better reduce friction than saline, and informs the rational de-
sign of future tribosupplementary biomaterials. 
6.2 Introduction 
 The frictional properties of articular cartilage significantly influence the 
tissue’s physiologic behavior during daily life. Various theories describing the 
frictional behavior of materials have been proposed and investigated, with 
Stribeck theory being the most prominent.1, 2 This theory of lubrication was de-
veloped for the study of metal journal bearings lubricated by viscous oils and as-
sumes that the articulating surfaces are incompressible and impermeable, and 
that the lubricant’s sole friction-lowering capacity is its viscosity (i.e. that the lub-
ricant does not contain boundary-lubricating molecules). Corollaries to these as-
sumptions include: i) that the articulating surfaces lack elasticity and cannot pro-
vide an inherent pressure via residual compressive stress upon deformation, and 
ii) that lubricant cannot flow into or out of the surfaces. Articular cartilage, like 
many biological tissues, possesses elasticity that allows for pressurization follow-
ing compressive deformation, and hence hydrodynamic lubrication theory has 
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historically been modified as elastohydrodynamic lubrication in the case of com-
pressible materials.3, 4 The ability of lubricant to exist within the pores of the tis-
sue (rendering the tissue biphasic) as well as to flow into and out of the tissue 
provide several key friction-modulating phenomena: i) as fluid flows into the tis-
sue upon compression, the local concentration of boundary-lubricating mole-
cules present in the lubricant is concentrated or “boosted” in a mechanism 
known as “boosted” lubrication;5 ii) the lubricant occupying the tissue’s pores 
(i.e. the fluid phase of the tissue) supports the majority of compressive and shear 
forces just after initial frictional loading of the tissue, and the finite maximal 
speed of lubricant molecules being expelled from the tissue under compression 
provides a self-pressurized hydrostatic lubrication mechanism known as “weep-
ing” to keep the articulating surfaces apart;6, 7 and iii) as tissue compression in-
creases, the matrix’s permeability concomitantly decreases as pore size is re-
duced from gradual matrix collapse, allowing a lengthened duration of force 
support by the lubricant phase of the tissue. Furthermore, even in the absence of 
“boosted” lubrication, boundary-lubricating molecules are present at the carti-
lage surface and in the native cartilage lubricant, synovial fluid; these molecules 
feature hydrophilic functional groups which dissipate shear forces upon friction-
al loading via entropic polymer chain rearrangement.8, 9 
 For classical non-deformable, non-porous articulating surfaces, lubrication 
mode may be determined via visualization of a Stribeck curve, plotting coeffi-
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cient of friction (COF) as a function of Hersey number (articulation velocity * 
lubricant viscosity / compressive stress) (Figure 6.1a). As this theory was de-
signed for metal surfaces lubricated by oil, all elements of assignment of operat-
ing lubrication mode are related to the presence or absence of an oil film separat-
ing the surfaces and preventing surface-surface contact. These elements are: ve-
locity, in that sufficiently high articulating velocities allow maintenance of a fluid 
film as the fluid’s time-dependent viscous properties prevent it from dissipating 
from the interface, while sufficiently low velocities allow such fluid dissipation 
rendering direct surface contact; viscosity, in that a fluid of sufficiently high vis-
cosity will tend not to exude from the interface, while a fluid of sufficiently low 
viscosity will; and pressure or compressive stress, in that sufficiently high pres-
sure will cause interposed fluid to exude from the interface, while sufficiently 
low pressure will allow sustenance of a separating fluid film. Boundary mode 
lubrication (low Hersey numbers) features COF invariant with Hersey number, 
mixed mode (intermediate Hersey numbers) typically features a decrease in COF 
as partial contributions of surface separation allow improved lubrication, and 
complete fluid film lubrication (high Hersey numbers) typically features the low-
est COF as surface as fully separated by lubricant; COF begins to rise with even 
higher Hersey numbers as viscous drag contributes to increased shear forces 
(Figure 6.1a) 
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 Articular cartilage, with its substantial differences in material properties 
compared with metal journal bearings, has been evaluated in the context of clas-
sical and modified Stribeck theory. When cartilage is compressed until equilibri-
um (i.e. under constant load or under constant deformation), the equilibrium fric-
tional properties are partially analogous to classical Stribeck theory, insofar as 
the existence of boundary, mixed, and fluid film modes of cartilage lubrication.10 
Under physiologic conditions, fluid film lubrication typically does not occur, ex-
cept for under rare circumstances of rather low loading, high velocity, and 
healthy or freshly-viscosupplement synovial fluid. Recently, a modified hyalu-
ronic acid solution in commercial development has been shown to possess vis-
cosity approximately one order of magnitude greater than conventional 
viscosupplements.11, 12 In contrast to this framework, a modified lubrication theo-
ry known as Gemini hydrogel lubrication has arisen in recent years owing to flu-
id transport across and along the articulating interface.13, 14 This lubrication de-
scription incorporates confinement of interfacial lubricant due to the mesh-like 
structure at low Hersey numbers, a relatively minimal effect of lubricant viscosi-
ty at high Hersey numbers, and a relatively less dramatic transition at intermedi-
ate Hersey numbers, known as the postulated elastoviscous transition, wherein 
interfacial pendant polymer chains provide a combination of boundary lubrica-
tion as well as alterations to the lubricant viscosity.13 
199 
 We recently investigated the friction-lowering properties of a cartilage-
reinforcing biomaterial based on an interpenetrating polymer network (IPN) 
strategy of entangling a synthetic hydrogel network within articular cartilage 
(see Chapter V). The IPN was designed ab initio to improve compressive proper-
ties and wear-resistance of the treated tissue, however we serendipitously ob-
served that cartilage COF under compressive equilibrium was reduced by up to 
24% in the presence of IPN. In the study, the frictional properties of this promis-
ing biomaterials tissue treatment were only studied at one particular Hersey 
number. In the present investigation, we aim to generate Stribeck curves for IPN-
treated cartilage specimens articulating against a Gemini interface (i.e. an identi-
cally-treated cartilage specimen) in a torsional disc-on-disc friction test, sweeping 
over a variety of compressive-stress-equilibrated and torque-equilibrated articu-
lation velocities. The specific objectives are to identify the Hersey number range 
over which the IPN reduces COF, as well as to investigate differences in the 
Stribeck curves depending upon lubrication by saline or by healthy synovial flu-
id. 
6.3 Methods 
6.3.1 Sample preparation and IPN treatment 
 Nine pairs of osteochondral cylindrical plugs (7 mm diameter) were cored 
from the stifle joints of skeletally mature cows in a procedure similar to those re-
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ported previously15,16 using a diamond-tipped coring bit (Starlite Industries, 
Bryn Mawr, PA), irrigated with 0.9% saline at room temperature. Throughout 
experimentation, plugs were stored at 4°C in 400 mOsm sodium chloride solu-
tion containing protease inhibitor benzamidine hydrochloride (5 mM), GIBCO 
Antibiotic/Antimycotic (Invitrogen, Grand Island, NY), and calcium ion chelat-
ing agent ethylenediamine tetraacetic acid (5 mM). Two groups of N=3 
osteochondral plugs were incubated in the dark for 24 h at 25°C in 400 mOsm 
saline containing 2-methacryloyloxyethyl phosphorylcholine (either 20 or 60 
w/v%), ethylene glycol dimethacrylate (1% mol/mol 2-methacryloyloxyethyl 
phosphorylcholine), eosin Y (0.1 mM), triethanolamine (115 mM), and N-
vinylpyrrolidone (94 mM). Plugs were suspended upside down with articular 
surface exposed to solution to allow diffusion of solutes. Plugs were removed 
from solution, gently blotted dry with paper towel, and irradiated with green 
light (514 nm) at 500 mW/cm2 for 10 min (Ultima SE, Lumenis, Santa Clara, CA). 
Photoirradiation was performed in a humid chamber to prevent tissue drying. 
Plugs were then rinsed in saline for 48 hours to allow residual non-reacted mon-
omer and photoinitiator to wash out. 
6.3.2 Friction testing 
 Specimens (non-IPN treated native cartilage or cartilage treated with IPN 
at a monomer concentration of 20 or 60 w/v%, N=3 each) were subjected to a 
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torsional unconfined disc-on-disc friction test that swept over a variety of com-
pressive-stress-equilibrated and torque-equilibrated articulation velocities, lubri-
cated by either 400 mOsm saline or bovine synovial fluid (BSF) (Pel-Freez 
Biologicals, Rogers, AR). Plugs were coaxially aligned and their articular surfaces 
were brought into contact with a pre-load of 0.5 N (Electroforce 3200, BOSE Cor-
poration / TA Instruments, Eden Prairie, MN) after having incubated overnight 
at 4°C either in saline or in BSF. A chamber was used to maintain lubrication in 
the respective solution for the test’s entirety. Cartilage was first deformed by 20% 
ε over an approximate ten- minute duration and held at constant displacement 
for the remainder of the test, and the resulting peak stress was allowed to relax 
and equilibrate for 90 minutes (Figure 6.1b, exemplary data). Next, one plug was 
rotated at constant velocity for five revolutions (i.e. to 1800°), followed by five 
return revolutions in the opposite direction (Figure 6.1c, blue curve). This ten-
revolution cycle was repeated a certain number of times based on pilot tests 
demonstrating the minimum repetition required for obtaining equilibrated 
torque and compressive stress data; the number of repetitions varied for the ten 
different rotational velocities tested. Following torque and stress equilibration, 
the plug began rotating at a different velocity (Figure 6.1c, magenta curve), and 
this was repeated for ten total velocities, ranging 0.3 mm/s to 66 mm/s with log-
arithmic spacing and four approximately evenly spaced velocities per decade. 
The order in which numerically-increasing velocities was tested was randomized 
202 
to minimize any effect of test-sequence order; additional pilot tests in alternate 
velocity sequence revealed negligible effects of test-sequence order. Torque and 
axial compressive force were recorded at 10 Hz (Figure 6.1c, green and red 
curves, respectively). 
6.3.3 COF calculation 
 For each rotational velocity, torque and force data were extracted from the 
final ten-revolution repetition was. Figure 6.1d displays zoomed-in regions (gray 
boxes) of the curves in Figure 6.1c corresponding to the second velocity tested 
(0.66 mm/s) as an example. Torque and force were averaged over revolutions 2-5 
and 6-10 during the final ten-revolution repetition (yellow-highlighted regions), 
as the initial revolution immediately after a change in rotation direction (revolu-
tions 1 and 5) were discarded due to yielding non-equilibrium data. Average 
force was converted to compressive stress via the plug’s initial cross-sectional 
area, and average torque and force were converted to COF via Equation 3.1.15, 17 
6.4 Results 
6.4.1 Torque 
 When lubricated by BSF or by saline, torque increased with increasing 
sliding velocity for all three groups of cartilage plugs (Figure 6.2a). Under lubri-
cation by both BSF and saline, the IPN reduced torque in a dose-dependent 
manner, although the magnitude of dose dependence (i.e. the degree of clarity of 
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dose-torque-reduction relationship) as well as the magnitude of torque reduction 
was greater for plugs lubricated by BSF than by saline (Figure 6.2b). The magni-
tude of torque reduction by BSF compared to saline, at equal IPN treatment con-
centrations, was greater for increased IPN concentrations, with the 60 w/v% 
treated plugs reducing COF by 30-40% when lubricated by BSF compared to sa-
line, while 20 w/v% IPN treated plugs reduced COF by approximately 10-20% 
when lubricated by BSF compared to saline—a similar magnitude of torque re-
duction afforded by BSF in the absence of IPN (Figure 6.2c). 
6.4.2 Stress 
 Over all sliding velocities, nominal compressive stress increased with in-
creasing IPN concentration, yielding average stresses of approximately 140, 160, 
and 220 kPa for non-treated, 20 w/v% treated, and 60 w/v% treated plugs, re-
spectively (Figure 6.3a). Increasing sliding velocity was associated with mild in-
creases in stress, although the magnitude of this relationship was significantly 
less than that with torque. The stress increase due to presence of IPN was simi-
larly dose-dependent regardless of whether lubrication was by BSF or saline, 
with 60 w/v% treated plugs demonstrating an approximately 60% increased 
stress, while 20 w/v% treated plugs demonstrated an approximately 10-15% in-
creased stress (Figure 6.3b). Increase in stress when lubricated by BSF compared 
to saline was roughly equal for all three IPN treatment groups; presence of BSF 
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caused a roughly 15% increase in stress, regardless of IPN treatment concentra-
tion (Figure 6.3c). 
6.4.3 COF 
 COF was calculated and plotted as a function of Hersey number to con-
struct Stribeck curves for three IPN treatment groups lubricated by either BSF or 
saline (Figure 6.4a). All Stribeck curves displayed a direct relationship between 
COF and Hersey number, with curves corresponding to saline lubrication shifted 
to decreasing Hersey numbers by approximately one order of magnitude due to 
BSF’s increased viscosity compared to that of saline (0.02 vs 0.001 Pa·s). COF was 
reduced more so when greater IPN concentrations were present, and COF was 
reduced with greater dose-dependence magnitude when lubricated by BSF than 
saline; this COF reduction was relatively invariant with articulation velocity 
(Figure 6.4b). Dose-dependence in IPN concentration is observed in the reduc-
tion of COF when lubricated by BSF rather than saline, and while BSF reduces 
friction of non-treated plugs predominantly at low Hersey numbers and not at 
higher Hersey numbers, IPN-treated plugs demonstrate roughly equally reduced 
COF over the full range of Hersey numbers studied (Figure 6.4c). 
6.5 Discussion 
 The objective of this study was to analyze differences in frictional proper-
ties among samples treated with different concentrations of IPN, as well as IPN-
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treated samples lubricated by either BSF or by saline. Through analysis of COF 
values along with the underlying parameters giving rise to COF (namely torque 
and compressive stress), we gain insight into the lubrication phenomena by two 
different lubricants and the IPN’s effect on these phenomena. 
6.5.1 Torque 
 Under physiologic lubrication with BSF bathing articular cartilage, in-
creasing IPN concentrations reduce the torque across all articulation velocities; 
this reduction is roughly velocity-independent, also it demonstrates an expected 
IPN dose-response (Figure 6.2b). Lubrication by saline did not increase torque 
reduction at increased IPN concentrations, although the torques did not differ by 
a large absolute magnitude, potentially confounding any observation of mild 
dose-dependence. Our recent report describes friction reduction with increased 
IPN concentrations under compressive equilibrium conditions, and this phe-
nomenon is believed to occur through at least one of the two following mecha-
nisms: the IPN may aid in dissipation of frictional forces throughout the cartilage 
tissue bulk (either by allowing the tissue’s fluid phase or solid matrix to better 
mitigate shear forces), or, the IPN may contain an effective amount of surface-
active polymer that provides boundary lubrication at the tissue’s articular sur-
face (see Chapter V). When plugs were lubricated by saline instead of BSF, the 
IPN afforded much less torque reduction, indicating that the IPN improves the 
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magnitude by which BSF lubricates tissue compared to saline. Indeed, this capa-
bility of the IPN is observed in a dose-dependent manner in Figure 6.2c, as 60 
w/v% IPN confers the greatest magnitude torque reduction in BSF vs in saline, 
while 20 w/v% IPN confers intermediate torque reduction, and non-treated tis-
sue is only mildly or negligibly torque-reduced by BSF. 
6.5.2 Stress 
 As expected, increasing IPN concentrations caused increases in equilibri-
um stress (Figure 6.3a), as the IPN has been demonstrated to increase equilibri-
um cartilage stiffness.18 Regardless of whether the tissue was lubricated by BSF 
or by saline, a nearly identical IPN dose-response with stress increase was ob-
served, with 60 w/v% treatment increasing stress significantly more than 20 
w/v% treatment (Figure 6.3b). For each level of IPN treatment (including non-
treated), presence of BSF caused stress to be about 15% greater than when saline 
was present (Figure 6.3c). Several mechanisms may explain this phenomenon, 
including: i) BSF macromolecules may penetrate the tissue and reduce the com-
pressibility of the tissue by filling matrix pores, or ii) BSF macromolecules, either 
due to their inherent hydrophilicity or the fluid’s increased viscosity, may pre-
vent the exudation of as much water at equilibrium as is allowed in the absence 
of such macromolecules. These potential contributing factors may be investigat-
ed in a future study directly analyzing the effect of plug incubation time with 
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BSF as well as by labeling BSF macromolecules and detecting their presence or 
absence within the tissue bulk following incubation. 
6.5.3 COF 
 As COF is a function of torque and stress (the latter in the form of normal 
force), the frictional behavior of the tissues investigated in the present study is 
reflected in the torque and stress data. In particular, since stress was equally in-
creased by BSF compared to saline for each of the three concentrations of IPN in-
vestigated, the Stribeck curves in Figure 6.4a largely resemble the torque curves 
in Figure 6.2a. The curves are translated with respect to one another; each corre-
sponding curve lubricated by BSF instead of saline is decreased by approximate-
ly 15% in Hersey number (due to the 15% increase in stress for all IPN treatment 
groups in the presence of BSF vs saline) and simultaneously increased by twenty 
times in Hersey number (as BSF viscosity is twenty times greater than that of sa-
line), resulting in a net Hersey number increase of approximately one order of 
magnitude. Increasing concentrations of IPN increasingly reduce friction (Figure 
6.4b); that these friction reductions were independent of articulation velocity in-
dicates that that the IPN plays a friction-lowering role over a wide range of Her-
sey numbers and not only under narrow operating conditions—a drawback of 
some commercial lubricants.19 While prior studies have demonstrated the IPN’s 
ability to reduce friction at compressive equilibrium at one articulation velocity 
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(22 mm/s), the present study reveals the IPN’s lubrication capacity across a 
range of sliding speeds.  
 The tissue-interpenetrating polymer reinforcement plays an additional 
significant role beyond reducing merely friction; specifically, increasing concen-
trations of IPN enable BSF to provide greater friction reduction relative to saline 
(Figure 6.4c). In essence, the IPN allows BSF to be a more effective lubricant. This 
finding holds potential therapeutic implications in that while significant atten-
tion has been centered around biomaterials for improving lubrication as liquids 
that bathe and “classically” lubricate cartilage’s surface, we have demonstrated 
that a tissue-reinforcing biomaterial can A) decrease friction simply be being pre-
sent within the tissue, and B) allow the body’s native lubricant, synovial fluid, to 
confer further reduced friction than would be achievable with saline. To be of 
therapeutic benefit, this phenomenon should be investigated comparing saline to 
osteoarthritic synovial fluid in addition to healthy synovial fluid. 
 Moreover, the Stribeck curves agree with the trend in the torque curves 
indicating that BSF reduces frictional forces of native, non-treated plugs predom-
inantly only at low Hersey numbers and not at higher Hersey numbers, whereas 
IPN-treated plugs are significantly reduced in COF (by approximately 50%) over 
the entire range of velocities studied. This echoes and corroborates the observa-
tion that the IPN reduces friction compared to non-treated plugs over the full 
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range of velocities studied; likewise, the IPN’s beneficial effect on BSF’s action 
similarly operates over a wide range of sliding speeds. 
 In comparing the observed Stribeck curves to a classical engineering 
Stribeck curve, it may appear that the positive-sloping curves constructed in the 
present study represent classical fluid film mode lubrication. However, several 
studies have indicated that such a phenomenon’s occurrence for articulating car-
tilage, at the stresses and sliding speeds investigated herein, would require a lub-
ricant with viscosity approximately 2-3 orders of magnitude greater than the 
synovial fluid studied.10, 12  Therefore, it is likely that the direct-relationship in 
the present Stribeck curves are explained by a mechanism specific to non-
classical biphasic materials, embodied in the Gemini hydrogel lubrication 
framework.13, 14 This theory postulates that at the relatively low Hersey numbers 
investigated in the present study, the mesh-size or permeability of the tissue is 
the dominant characteristic influencing lubrication, giving rise to an alternate 
mode of lubrication known as mesh-confined lubrication. Mesh-size affects the 
ability of water molecules and other solutes to permeate the tissue interface, thus 
impacting the related lubrication mode, weeping lubrication. As the IPN has 
been found to reduce hydraulic permeability of articular cartilage, this would in 
turn reduce the ability of fluid to weep from the surface and lower friction, so we 
can rule out an improvement in weeping-mode lubrication as the operation 
mechanism of the IPN’s improvement in lubrication in this study. However, 
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weeping mode lubrication must not be discounted as being operational—only 
discounted as being improved by the IPN. In fact, given the absence of sufficiently 
viscous lubricant in this study, at low articulation velocities, tissue-localized wa-
ter can lubricate the opposing surfaces via a self-pressurized hydrostatic mode6, 7, 
20 while at higher velocities examined, cannot be wept quickly enough to provide 
lubrication to as great a magnitude as for the slower-velocity Hersey numbers. 
This explains the positive slope of the Stribeck curves, yet the mechanism behind 
the IPN’s reduction in friction is of additional interest. 
 The likely explanation of the IPN’s lubrication is related to mesh-confined 
lubrication; interfacial water between the articulating cartilage surfaces is imped-
ed from flowing out of the interface and into the tissues via their articular surfac-
es, since the pores of the tissue are partially filled with interpenetrating, water-
retarding polymer. The reduction in hydraulic permeability afforded by the IPN 
serves to maintain additional water at the tissue interface via increased mesh-
confinement. This effect is magnified when the lubricant is not a solution of small 
molecules such as saline, but rather contains a vast variety of macromolecules 
with diffusivities much slower and effective molecular weights much greater 
than those of water molecules. Increasing amounts of IPN further enhance the 
effect of mesh-confined lubrication in the presence of BSF compared to saline, 
trapping the semi-viscous liquid and its efficient boundary-lubricating macro-
molecules. Thus, we observed that Stribeck curves with BSF as the lubricant are 
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more so diminished in COF with increasing IPN presence than they are when 
saline is the lubricant (Figure 6.4b,c). 
6.6 Conclusion 
 In summary, we report the ability of a tissue-reinforcing interpenetrating 
polymer network to reduce compressive-equilibrium friction of articular carti-
lage across a range of sliding speeds and in the presence of both BSF and saline. 
Furthermore, increasing concentrations of the IPN improve the lubricity of BSF 
compared to saline, and also widen the range of Hersey numbers over which BSF 
is improved over saline, indicating that the biomaterial may therapeutically aid 
in the body’s native lubrication mechanisms with its native lubricant. Future 
studies must consider alternate frictional testing configurations, including a mi-
grating rather than stationary contact area, and also conducting testing that has 
not come to compressive equilibrium to investigate the effect of cartilage’s inter-
stitial fluid on lubrication and the IPN’s interaction with said fluid’s contribution 
to lubrication. While this pilot study is limited in statistical power, it demon-
strates the potential for the multi-modal polymer supplementing technique to 
confer not only wear-resistance and strength, but also inherent friction-lowering 
capacity as well as the ability to enable BSF to be a more effective lubricant. 
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Figure 6.1: (a) Classical engineering Stribeck curve. For rigid, non-porous surfac-
es, fluid film lubrication operates at higher Hersey numbers, while boundary 
contact (i.e. lack of fluid film sustenance) occurs at lower Hersey numbers. (b) 
Cartilage deformation (as normalized thickness) and resulting stress (exemplary 
data) during ramp displacement and stress-relaxation phase, prior to friction 
testing. (c) Cartilage rotation and corresponding velocity, and resulting torque 
and stress (exemplary data) during friction testing. Ten velocities were investi-
gated in randomized order. (d) Zoomed-in regions of Figure 6.1c, indicating data 
from one particular velocity (gray box), with regions over which torque and 
stress were averaged highlighted yellow. 
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Figure 6.2: (a) Torque as a function of articulation velocity for three groups of 
IPN-treated plugs, lubricated by either BSF (solid curves) or saline (dashed 
curves). (b) Reduction in torque for IPN-treated plugs vs non-treated plugs, lu-
bricated by either BSF (solid curves) or saline (dashed curves). (c) Reduction in 
torque when lubricated by BSF compared to saline, for three groups of IPN-
treated plugs. 
 





Figure 6.3: (a) Stress as a function of articulation velocity for three groups of IPN-
treated plugs, lubricated by either BSF (solid curves) or saline (dashed curves). 
(b) Increase in stress for IPN-treated plugs vs non-treated plugs, lubricated by 
either BSF (solid curves) or saline (dashed curves). (c) Increase in stress when lu-
bricated by BSF compared to saline, for three groups of IPN-treated plugs. 
 





Figure 6.4: (a) COF as a function of Hersey number for three groups of IPN-
treated plugs, lubricated by either BSF (solid curves) or saline (dashed curves). 
(b) Reduction in COF as a function of articulation velocity for IPN-treated plugs 
vs non-treated plugs, lubricated by either BSF (solid curves) or saline (dashed 
curves). (c) Reduction in COF when lubricated by BSF compared to saline, for 











7. Chapter VII. Friction-lowering Capabilities and Human Subject Preferences 
for a Hydrophilic Surface Coating on Latex Substrates: Implications for In-
creasing Condom Usage 
7.1 Abstract 
 Personal lubricants can increase user satisfaction with male condoms, like-
ly by reducing friction coefficient and yielding a slippery sensation. However, 
personal lubricants pose disadvantages, including dilution in physiologic fluids 
and sloughing away over repeated articulations. To address these drawbacks, a 
novel latex surface modification, which becomes lubricious in the presence of 
physiologic fluid, has been developed and evaluated. This study aims to assess i) 
the frictional performance of the lubricious surface coating compared to non-
coated latex and latex lubricated by a personal lubricant, ii) the level of agree-
ment between human-perceived slipperiness and machine-measured friction, 
and iii) human preference for a hypothetical male condom containing the lubri-
cious coating. Coefficient of friction was measured via torsion/compression test-
ing. Human perceived slipperiness and condom material preference and future 
use were ascertained by administering an IRB-approved blinded touch test and 
survey. The main outcome measures were coefficient of friction, number of artic-
ulation cycles, and participants’ slipperiness ratings and perceptions of condom 
material preference and future condom material use. Friction coefficient of the 
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lubricious coating was 53% lower than that of non-coated latex and approximate-
ly equal to that afforded by personal lubricant. A touch test and accompanying 
survey of a small population sample (N=33) revealed a strong correlation (R2 = 
0.83) between human-perceived slipperiness and machine-measured friction. A 
majority of participants expressed a preference for a condom containing the lu-
bricious coating (73%), agreeing that a condom that were inherently slippery and 
remained slippery for a long duration would increase their condom usage when 
having intercourse. As the lubricious coating confers a slippery surface property 
to latex that remains consistently slippery for a long duration, such a coating 
shows potential to be an effective strategy for decreasing friction-associated pain, 
increasing user satisfaction, and increasing condom usage. 
7.2 Introduction 
 The material surface properties of natural rubber latex male condoms are 
of significant importance during their use. Latex exhibits numerous advantages 
as the constituent material for male condoms, including excellent barrier proper-
ties, low manufacturing cost, and facile processability. However, high surface 
friction at the latex-mucosa interface can cause a variety of problems including 
condom breakage,1 microtrauma to the mucosa,2 and discomfort.3-5. As a result of 
the discomfort associated with condoms experienced by both men and women, 
along with their reported reduction in pleasure when used during intercourse6 
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(noted by 77% of male and 40% of female respondents in a nationally representa-
tive 2008 study),7 condoms may be used incorrectly or forgone altogether by 
some sexual partners, increasing the potential for unplanned pregnancy and 
transmission of STIs.8-12 
 To address the limitations of high condom friction and discomfort, vari-
ous personal lubricants are used among partners. Such lubricants, typically wa-
ter-, silicone-, or oil-based liquids, decrease discomfort and increase pleasure 
during intercourse.6, 13, 14 Such lubricants are also used to produce a sensation of 
“wetness,”6, 15 when the body does not produce sufficient natural friction-
lowering lubrication (e.g. menopausal and post-menopausal individuals, and in-
dividuals experiencing dyspareunia),16 or for other reasons including enhancing 
foreplay, curiosity, and “spicing up” one’s sex life.17, 18 Condom-associated dis-
comfort is a common “turn-off”19 and a highly cited reason for persuading one’s 
partner to forgo using condoms,20 so many individuals choose to use lubricants 
to decrease this discomfort. Indeed, of a nationally representative sample of 
Americans, 61.5% of women and 66.1% of men were found to agree that lubri-
cants make sex feel better,17, 18 The mechanism by which discomfort is relieved 
and pleasure is increased derives from an interplay between reduction in surface 
friction and increase in perceptions of gliding, wetness, or slipperiness.14 As a 
consequence of providing decreased friction, personal lubricants may also extend 
the duration of intercourse, as many male and female partners mutually believe 
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that longer intercourse is more desirable for a satisfactory sexual intercourse ex-
perience.21 Additional benefits of lubricants include their association with re-
duced condom breakage22, 23 and slippage.1, 24 There is growing evidence that 
personal lubricants are becoming a staple of many partners’ sexual experiences,14 
and thus technology that further improves the sensation of lubrication is highly 
sought. 
 However, personal lubricants possess several undesirable properties. A 
shortcoming of water-based lubricants is that their solubility in physiologic flu-
ids and their proclivity to absorb into bodily tissues limit their extended duration 
use;25 likewise, while silicone- and oil-based lubricants exhibit greater robustness 
from being dissolved in water, these lubricants gradually dissipate from the site 
of articulation as they are sloughed off at the site of intercourse. A 2008 study of 
a nationally representative cohort of American adults found that simply the pro-
cess of putting on a condom was a turn-off.19 Potentially for this reason, along 
with others such as convenience, many condoms are packaged with a small 
amount of silicone lubricant applied to the condom, ostensibly intended to obvi-
ate the act of adding extra lubricant. Nonetheless, the perceived quantity of lub-
ricant or magnitude and/or duration of lubrication sensation provided by such 
pre-lubricated condoms are insufficient for many partners,17, 26 and the undesira-
ble step of adding more lubricant is required by these individuals. For these rea-
sons, a method that extends the duration of lubrication without causing incon-
223 
venience for the user (i.e. without the need for adding extra lubricant) would im-
prove many condom-users’ sexual experiences and potentially increase condom 
usage among individuals that do not use condoms due to their real or perceived 
dissatisfactory lubrication. 
 To fulfill this unmet need, we developed and optimized a lubricious sur-
face treatment technique involving the coating of natural rubber latex with a thin 
layer of hydrophilic polymers that, upon contact with water, become slippery to 
the touch. The strategy renders fluid lubricants unnecessary for delivering a feel-
ing of lubrication, as the latex surface itself is rendered slippery by the surface 
treatment, and the coating technique extends the duration of lubrication sensa-
tion by forming robust covalent bonds between the latex and the thin coating 
layer (Figure 7.1). We recently reported the synthesis and characterization of hy-
drophilic macroinitiators composed of 2-hydroxyethylacrylate and 
benzophenone units (HEA/BP) which we demonstrated can be covalently at-
tached onto latex surfaces through a UV-induced reaction to afford increased 
hydrophilicity.27 Additionally, we explored the addition of hydrophilic poly-
mers, (e.g. polyvinylpyrrolidone, PVP) to the coating formulation, which we 
found to further enhance the hydrophilicity of the coating (abbreviated 
HEA/BP/PVP). The frictional properties of the coating, along with the relation-
ship between frictional properties and human-touch-derived “slipperiness,” 
have not been established; furthermore, human preference for a condom contain-
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ing the coating, and potential future condom use with such a condom, has not to 
date been surveyed. 
7.3 Aims 
 The purposes of this study are to: i) assess the frictional performance of 
HEA/BP/PVP-coated latex compared to non-coated latex and latex lubricated by 
a personal lubricant, as a function of repeated articulation cycles and presence of 
physiologic fluid; ii) evaluate the level of agreement between human-perceived 
slipperiness and machine-measured friction for latex materials before and after 
submergence in water, and iii) ascertain whether survey participants express 
preference for a hypothetical male condom containing the HEA/BP/PVP coating 
to determine potential for such a technology to find epidemiological utility. 
7.4 Methods 
7.4.1 Latex coating procedure 
 Natural rubber latex sheets were washed, dried and coated as described in 
a prior report.27 Briefly, latex sheets were washed and dried with water and eth-
anol and mounted onto glass slides. A solution was prepared with 5 w/v% 
HEA/BP macroinitiator (MW 100,000 Da via GPC with 10 w/w% BP units to 
HEA units) and 2 w/v% PVP and mixed in an ethanol/water solution (1/1 v/v) 
until homogeneous. A thin layer of HEA/BP/PVP was applied to coat the sur-
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face of the latex sheet and was exposed to UV light (365 nm) for 10 minutes. 
Coated latex samples were washed with water and ethanol to remove excess 
non-bonded polymer and dried overnight at room temperature before subjecting 
the coated latex samples to mechanical testing. 
7.4.2 Friction testing 
 A friction testing protocol, designed for assessing biologically-relevant lu-
brication, was performed. Latex was adhered via cyanoacrylate glue to a 12-mm 
diameter ultra high molecular weight polyethylene flat cylindrical substrate. The 
polyethylene cylinder was placed into a fixture mounted to the servomotor of a 
TA Instruments Electroforce 3200 dynamic mechanical analysis instrument. Lub-
ricant (either water or a leading commercially available aqueous personal lubri-
cant, KY Liquid®, containing water, glycerin, sorbitol, propylene glycol, 
hydroxyethylcellulose, benzoic acid, methyl paraben, and sodium hydroxide) 
was introduced to the articulating surfaces either by pipetting liberal volume on 
top of the latex before compressing a flat polyurethane countersurface against it 
(friction test conducted “surrounded by air”) or by placing a large volume of wa-
ter surrounding the entire latex sample and the surface of the polyurethane in the 
lubricant to ensure continued water presence (friction test conducted “surround-
ed by water”).  A 7-mm diameter polyurethane cylindrical specimen (McMaster-
Carr, durometer hardness of 40A, “medium soft”) was selected as the articulat-
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ing counter-surface due to its tissue-like conformability. The latex samples were 
loaded coaxially with a load cell and torque cell, and a constant normal stress be-
tween the latex sample and the polyurethane surface was obtained by controlling 
the displacement of the polyurethane (78 kPa stress for single articulation and 
1000-articulation tests, 104 kPa stress for tests evaluating effect of large surround-
ing water volume). Upon establishing desired normal stress, the latex surface 
was rotated against the countersurface at an angular velocity of 2π radians/s, 
corresponding to an effective perimeter velocity of 22 mm/s, while axial normal 
force and torque were recorded.  
7.4.3 Tensile testing 
 Rectangular latex strips (1 cm x 8 cm) either not coated or coated with hy-
drophilic polymer as described previously, were soaked in water for approxi-
mately 5 seconds and mounted with clamps on a tensile testing apparatus (5848 
Micro-tester, Instron). The samples were stretched at a strain rate of 0.5/s, while 
a load cell recorded the measured tensile force which was converted to tensile 
stress using the cross sectional area of the latex strips (determined via calipers). 
Tensile stress was plotted against tensile strain (change in initial length divided 
by initial length) to derive tensile moduli; a typical plot is shown in Figure 7.2.  
Tensile testing of latex typically reveals two linear regions in the stress-strain 
curve: a low-strain tensile modulus, Eε<5, corresponding to the elastic modulus 
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for strain values less than 5, and a high-strain tensile modulus, Eε>5, that engages 
typically when tensile strain reaches about 6-10, immediately prior to tensile fail-
ure. 
 Fatigue tensile testing was also conducted. Latex strips prepared as in the 
previous paragraph were cyclically stretched and released at a frequency of 1 Hz 
(half second stretching, half second releasing). Tensile strain oscillated between 0 
(taut, non-stretched) and 2 (tripled in length), while tensile force was measured 
and converted to tensile stress as above. Fatigue testing was performed for 500 
cycles, as typical intercourse is reported as consisting of 100-500 thrusts.28 
7.4.4 Leak testing 
 In anticipation of requirements in place for manufacturing under GMP 
standards, coating protocol was scaled up to apply the hydrophilic coating to 
male latex condoms using a dip-coating approach. Non-lubricated male latex 
condoms (Durex®) were unrolled, washed, and dried before fitting onto a penile-
shaped glass mandrel (diameter of 4 cm and length of 20 cm). The condom was 
dipped into a solution containing 5% (w/v) HEA/BP and 2% (w/v) PVP and 
carefully raised to obtain a thin and even layer of the solution coated on the en-
tire condom surface. This mold was immediately placed onto an apparatus that 
vertically rotated the coated latex condom at 45 rpm while being exposed to UV 
light for 25 minutes. The coated latex sample was washed in a water/ethanol 
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mixture and dried under a steady airflow at room temperature. Through this ap-
plication approach, a thin, even, and stable coating resulted on the condom sur-
face even after the washes and rubbing the coated latex condom with fingers in 
the presence of water. To determine whether the coating application or UV expo-
sure resulted in any visual defects or holes inflicted to the latex, the Water Leak 
Test as described in ISO 23409 “Annex J: Testing for Holes” was performed. Five 
male latex condoms were prepared and treated with the hydrophilic coating. The 
latex condoms were removed from the glass mold and mounted onto an appa-
ratus at the open end to allow 300 mL of water to fill the condom while being 
suspended in the air at 25 °C. All five coated condoms tested did not show any 
signs of visible leakage to two observers when tied and rolled onto colored ab-
sorbent paper as described under the ISO guide.  
7.4.5 Latex touch test 
 An IRB-approved latex touch-test and accompanying survey were admin-
istered to a population sample of N=33 participants (13 males and 20 females) of 
different ages (24-58 yrs), ethnicities, education levels, and degrees of sexual ac-
tivity and condom use (Boston University School of Medicine Protocol # H-
33427). Participants were asked to feel and compare three material samples (be-
fore and after submergence in and removal from water (to represent physiologi-
cal fluid during intercourse): 1) non-coated latex, 2) non-coated latex lubricated 
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by personal lubricant (100 µL), and 3) HEA/BP/PVP-coated latex. The order in 
which the three samples were placed before the participants was randomized for 
each participant and participants were blinded as to the composition of each 
sample. Complete detailed description of latex touch test protocol, instructions, 
and questions is provided in the Appendix. 
7.4.6 Condom usage and preference survey 
 Participants were then surveyed regarding frequency of condom use 
when having sex, preferences for using condoms made from the latex samples 
they felt during the touch test, and preferences for using a condom that were in-
herently slippery and remained so for a long duration, and whether or not it 
would make them consider increasing their condom usage. Complete detailed 
description of condom usage and preference survey protocol, instructions, and 
questions is provided in the Appendix. 
7.4.7 Statistics 
 All experiments were performed with a minimum sample size of 3; error 
bars in figures and “±” notation represent the standard deviation of the mean. 
Statistically significant differences (95% confidence level, p = 0.05) were identi-
fied through ANOVA with Tukey-Kramer Multiple Comparisons using a 
Bonferroni correction for comparisons of continuous variables (coefficient of fric-
tion and slipperiness). Chi tests were used to identify statistically significant ma-
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jorities (95% confidence level) for comparisons of proportions (latex touch sam-
ple material) as well as for proportion of individuals who agreed with statements 
(condom use and preference survey). 
7.5 Main outcome measures 
7.5.1 Friction testing 
 Coefficient of friction was calculated as the ratio of frictional force (con-
verted from measured torque) to measured normal force on the latex. COF val-
ues were determined under initial articulation conditions (i.e. over one full rota-
tion of the latex sample) as well as under cyclically repeated articulation to de-
termine cycle- and time-dependence of COF (1000 torsional articulation cycles). 
Coefficient of friction was also determined in the presence or absence of physio-
logic fluid. 
7.5.2 Touch test and condom usage and preference survey 
 Participants were asked to first ascribe a slipperiness rating (1, extremely 
sticky; 7, extremely slippery) to each latex sample before and after submergence 
in and removal from water, and then to choose how much more slippery the 
most slippery sample was compared to the others (somewhat, much, or very 
much more slippery). Sexual activity (active or not active) and frequency of con-
dom use (always, usually, occasionally, and never) were surveyed. Participants 
were asked about first-choice preference (or no preference for any one over the 
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others) for a condom containing each sample they touched, as well as preference 
for various condom types (five-level Likert scale) and whether or not existence of 
such condoms would cause them to consider increasing their condom usage 
(five-level Likert scale). Preference for a HEA/BP/PVP-coated condom over ex-
isting commercial condoms was surveyed (five-level Likert), as was considera-
tion of using such a condom regularly (five-level Likert). 
7.6 Results 
7.6.1 Friction testing of HEA/BP/PVP-coated latex samples 
 Initial articulation conditions. Torsional friction testing (deformable pol-
yurethane countersurface rotating against latex samples, 78 kPa stress, effective 
velocity 22 mm/s) was performed on three sample groups: non-coated latex lu-
bricated by water, non-coated latex lubricated by personal lubricant (KY Liq-
uid®), and HEA/BP/PVP-coated latex lubricated by water. HEA/BP/PVP-
coated samples demonstrated statistically significantly lower COF (53% lower) 
than non-coated latex lubricated by water (0.163 ± 0.010 vs 0.350 ± 0.006) and 
comparable COF compared with non-coated latex lubricated by personal lubri-
cant (0.159 ± 0.012, 55% lower than non-coated latex lubricated by water) (Figure 
7.3a). 
 Cyclically repeated articulation. Next, friction testing was performed 
over a 1000-second duration (corresponding to 1000 cycles) to compare the 
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timecourse of lubrication over repeated cyclical articulation occurring for 
HEA/BP/PVP-coated latex and for non-coated latex lubricated by personal lub-
ricant (Figure 7.3b). Initially, lubrication of non-coated latex by personal lubri-
cant exhibits a lower COF than HEA/BP/PVP-coated latex lubricated by water, 
although the friction provided by the personal lubricant worsens over the dura-
tion of the test and ultimately produces higher COFs than the HEA/BP/PVP-
coated system by the completion of the test (Figure 7.3b, left). Over the initial 300 
seconds, the COF of non-coated latex lubricated by personal  lubricant was statis-
tically significantly lower than that of latex treated with the hydrophilic coating 
lubricated with water (0.22 compared with 0.28); over the next 300 seconds, the 
two groups’ COFs were not statistically significantly different (p=0.86), and over 
seconds 600-900, the COF of non-coated latex lubricated by personal lubricant 
had increased by over 0.08 to a COF greater than 0.30 (a roughly 40% increase) 
while the COF for the HEA/BP/PVP-coated sample remained consistent (0.27-
0.28) throughout the entirety of the test (Figure 7.3b, right). 
 The same timecourse friction test was then repeated on non-coated latex 
lubricated by personal lubricant surrounded by air (as were prior tests), and also 
on non-coated latex lubricated by personal lubricant but surrounded by a larger 
volume of water; this configuration involved depositing the lubricant between 
the latex substrate and polyurethane countersurface, compressing the two mate-
rials together, and then adding a surrounding bath of water immediately prior to 
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commencing the cyclical articulations, and was performed in order to observe 
the effect of water’s presence on the lubricant’s ability to lubricate over a 1000-
second duration. The personal lubricant surrounded by air exhibited COFs of 
approximately 0.4 for nearly the entire test’s duration, while the same test per-
formed with a surrounding volume of water was observed to have COFs ca. 25% 
greater at approximately 0.5 (Figure 7.4). This difference in COF occurs as early 
as within the first 30 seconds of the 1000-second test (Figure 7.4, inset). 
7.6.2 Tensile testing, leak testing, and thickness of HEA/BP/PVP-coated latex 
 HEA/BP/PVP-coated and non-coated rectangular latex strips (1x8 cm) 
were mechanically stretched in tension until failure. The testing revealed similar 
stress responses (elastic tensile moduli and ultimate tensile stress, UTS) for both 
non-coated and coated latex specimens when subjected to identical strain pro-
files; furthermore, male latex condoms that were either non-coated or 
HEA/BP/PVP-coated both passed leak testing per ISO 23409 (Table 7.1). No sta-
tistically significant differences in mechanical parameters or leak testing between 
non-coated and coated latex were observed, however thickness statistically sig-
nificantly increased from 66 ± 2 µm to 81 ± 2 µm. 
 Both non-coated and HEA/BP/PVP-coated latex were demonstrated to 
undergo 500 cycles of tensile expansion and release with minimal change in ten-
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sile stress by the completion of the test compared to the tensile stress at the be-
ginning of the test (Figure 7.5). 
7.6.3 IRB-approved latex touch test and condom usage and preference survey 
 Agreement between human touch perception and machine-measured 
COF. Touch-test participants (N=33) were asked to rate three samples, both be-
fore and after exposure to water, on a 7-point scale, with 7 points representing 
most slippery and 1-point representing most sticky. The three samples investi-
gated were non-coated latex, non-coated latex lubricated by 100 µL of personal 
lubricant, and HEA/BP/PVP-coated latex. Prior to exposure to water, non-
coated latex and HEA/BP/PVP-coated latex possessed similar average slipperi-
ness (3.03 and 3.48, respectively), while latex lubricated by personal lubricant 
possessed significantly greater average slipperiness (6.00). Following exposure to 
water, HEA/BP/PVP-coated latex underwent a statistically significant increase 
in slipperiness of 2.76 points up to 6.24 points, while latex lubricated by personal 
lubricant underwent a statistically significant decrease in slipperiness of 1.15 
points down to 4.85 points (Figure 7.6a). After exposure to water, 
HEA/BP/PVP-coated latex was statistically significantly more slippery than la-
tex lubricated by personal lubricant. When all participants were then asked to 
choose the most slippery material after water exposure, 85% agreed that latex 
samples coated with HEA/BP/PVP felt the most slippery (Figure 7.6b). Of those 
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that agreed, 70% felt the coating was “much” or “very much” more slippery than 
the other two. Additional touch test results are displayed in Figures 7.7-7.11.* 
 Relation between condom use, condom material preference, and future 
condom use. To begin the condom usage and preference survey, participants 
first provided their sex, status of sexual activity, frequency of condom usage, and 
reasons for forgoing condoms (Figures 7.12-7.14).† Participants were next asked 
which condom they would prefer if there existed condoms made from each of 
the three samples they touched during the touch test (non-coated latex, non-
coated latex lubricated by personal lubricant, and HEA/BP/PVP-coated latex); 
73% of participants (a statistically significant majority) chose the condom made 
from HEA/BP/PVP-coated latex (Figure 7.6c). 
 Participants next were asked about their preferences and potential courses 
of action if there were to exist a condom coated with HEA/BP/PVP. Of partici-
pants that “usually” or “occasionally” use condoms, 91% agreed they would 
consider using a HEA/BP-PVP-coated condom regularly, 91% would prefer it 
over a standard non-lubricated condom, 64% would prefer it over a standard lu-
bricated condom, and 55% would consider increasing their condom usage if such 
                                                 
* “Non-lubricated” is synonymous with “non-coated latex,” “hydrophilic coat-
ing” is synonymous with “HEA/BP/PVP-coated latex,” and “KY Liquid” is syn-
onymous with “non-coated latex + personal lubricant.” It should be noted that 
participants did not see these descriptive names; the names are only used for da-
ta analysis purposes. 
† Idem 
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a condom were to exist (Table 7.2). Of participants that “never” use condoms, 
57% agreed they would consider using a HEA/BP-PVP-coated condom regular-
ly, 71% would prefer it over a standard non-lubricated condom, 50% would pre-
fer it over a standard lubricated condom, and 21% would consider increasing 
their condom usage if the condom existed—i.e. one fifth of participants who nev-
er use condoms would consider using them during sex if a condom coated with 
HEA/BP/PVP were available. When asked not specifically about a condom 
coated with HEA/BP/PVP but instead about a hypothetical inherently slippery 
condom, of participants that “usually” or “occasionally” use condoms, 100% 
would prefer an inherently slippery condom and 82% agreed an inherently slip-
pery condom would increase their condom usage. Of participants that “never” 
use condoms, 86% would prefer an inherently slippery condom and 43% agreed 
an inherently slippery condom would increase their condom usage. Chi-squared 
statistic values to determine statistical significance of majority agreement with 
each phrase is provided in Table 7.3. 
7.7 Discussion 
7.7.1 Friction testing of HEA/BP/PVP-coated latex samples 
 Initial articulation conditions. Frictional forces during intercourse be-
tween latex and mucosal membranes are known to potentially cause detrimental 
outcomes for partners if not attenuated by endogenous or exogenous lubricant. 
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Discomfort and pain, along with condom breakage, may occur if there is high 
friction during intercourse, and microtrauma to the mucosal membrane imposed 
by the high friction may increase the likelihood of STI transmission by exposing 
direct access the bloodstream. Thus, we evaluated the ability of HEA/BP/PVP-
coated latex to afford a COF lower than non-coated latex, in comparison to the 
COF afforded by a common commercial water-based personal lubricant. Indeed, 
HEA/BP/PVP-coated latex lubricated by water exhibited a COF 53% less than 
that of non-coated latex lubricated by water (Figure 7.3a). In comparison, the 
personal lubricant lowers friction by 55%, so we conclude that the HEA/BP/PVP 
coating is able to lower friction dramatically and performs similarly to a com-
mercial lubricant in a model where dilution of lubricant does not occur. 
 Cyclically repeated articulation. In addition to testing frictional perfor-
mance at initial articulation conditions, we evaluated the HEA/BP/PVP coat-
ing’s ability to persist, providing low friction over multiple cycles of articulation 
as well as over a long time duration of testing. As exogenous personal lubricants, 
which lubricate through a fluid film lubrication mechanism, have the potential 
for being sloughed off at the site of intercourse, we hypothesize that an inherent-
ly lubricious coating, which does not require a fluid film to lower friction, could 
provide low friction over multiple cycles of friction testing. Repeated testing over 
1000 cycles assessed the upper end of physiological relevance, as typical inter-
course consists of about 100-500 thrusts.28 The HEA/BP/PVP coating afforded a 
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relatively invariant COF for the duration of the 1000 cycles. The personal lubri-
cant’s COF was initially lower than that of HEA/BP/PVP-coated latex over the 
first 300 cycles of testing, but the COF rose over time and the friction became sta-
tistically significantly greater (i.e. poorer performance) than that provided by the 
HEA/BP/PVP coating (Figure 7.3b). Qualitatively, upon inspection of the sam-
ple lubricated by personal lubricant at the completion of the 1000-cycle test, 
much of the lubricant had been rubbed away and expelled from the articulating 
surfaces, believed to be the cause of the deterioration in lubricating properties 
over the course of multiple cycles. In contrast, the HEA/BP/PVP coating is 
bonded to the latex surface and remains over time. 
 To further understand the relevant contexts under which the personal lub-
ricant lubricates, we investigated its COF in the presence or absence of a sur-
rounding volume of water. The configuration of personal lubricant in the ab-
sence of the water bath (i.e. surrounded by air) represents a physiologically-
relevant scenario of personal lubricant sloughing off from the articulating areas, 
while the configuration of personal lubricant surrounded by water represents a 
physiologically-relevant scenario of personal lubricant being diluted by bodily 
fluids and effectively washed away from the site of articulation. Water imitates 
the presence and effects of physiological fluids on the latex and tested lubricants 
during intercourse, and we hypothesized that the water-soluble personal lubri-
cant would gradually dissolve25 and its lubricating ability would diminish. In-
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deed, COF was approximately 25% greater when the articulating surfaces, coated 
in the personal lubricant, were bathed in a large volume of water (Figure 7.4). 
The increase in friction occurred in a little as the first 30 cycles after the 1000-
cycle friction test began, indicating a decrease in lubriciousness and that an initial 
sensation of lubrication may not last for a duration suitable for most partners. In 
comparison, the HEA/BP/PVP-coated latex samples function with low friction 
irrespective of a large surrounding bath of water, as the lubricating coating is co-
valently bound to the latex and does not dissolve into the water over time. 
7.7.2 Tensile testing, leak testing, and thickness of HEA/BP/PVP-coated latex 
 The tensile properties of latex sheets coated with HEA/BP/PVP were 
measured and compared to non-coated latex samples to investigate whether the 
coating application protocol (the light exposure, solvent exposure, or polymer 
coating itself) resulted in any deterioration that would weaken the latex material. 
The testing revealed similar stress responses (tensile modulus and failure stress) 
for both non-coated and coated latex specimens when subjected to identical 
strain profiles, indicating that the hydrophilic coating procedure does not weak-
en the latex material (Table 7.1). Full-size male condoms were coated with 
HEA/BP/PVP and successfully passed leak testing per condom manufacturing 
quality controls under ISO 23409; this testing involved filling coated condoms 
with water, and no leakages were observed, further confirming that the 
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HEA/BP/PVP coating does not weaken the tensile properties or strength of the 
underlying latex. Upon coating, sample thickness increased by 15 ± 4 µm; this 
difference is believed to have no discernible effect on condom performance, alt-
hough future clinical studies of HEA/BP/PVP-coated condoms must address 
this parameter. 
7.7.3 IRB-approved latex touch test and condom usage and preference survey 
 The touch-test and accompanying survey investigated whether human 
subjects can distinguish differences in slipperiness among six lubrication scenar-
ios (three latex samples, before and after exposure to water), and to assess the 
level of agreement between human friction perceptions and mechanical testing 
machine-determined COFs. The survey further assessed the relationship between 
participants’ perception of latex slipperiness and condom material preference 
and the implication that their preferences have on their potential future course of 
action regarding level of condom use when having sex. 
 Agreement between human touch perception and machine-measured 
COF. Non-coated latex felt moderately slippery to participants when dry, and 
only slightly increased in slipperiness to a rating of 3.94 following exposure to 
water (7 is very slippery, 1 is very sticky) (Figure 7.6a). The HEA/BP/PVP-
coated latex initially felt similar to non-coated latex when dry, but upon expo-
sure to water, increased in slipperiness rating by 2.76 points to a final rating of 
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6.24. In contrast, personal lubricant provided the best initial slipperiness (6.00 
rating), but decreased in slipperiness to 4.85 following exposure to water. This 
comparison highlights that the HEA/BP/PVP coating was statistically signifi-
cantly more slippery than the personal lubricant when both samples were ex-
posed to water (in fact 85% of participants agreed the HEA/BP/PVP-coated late 
was the most slippery of all three samples) (Figure 7.6b), and that even before 
the personal lubricant sample was exposed to water, the HEA/BP/PVP-coated 
sample is slightly more slippery (6.24 vs 6.00 rating, p = 0.24) albeit not statisti-
cally significantly. Furthermore, the results from the direct human perception of 
slipperiness are in good agreement with machine-measured COFs, as the slipper-
iness/lubrication provided by the HEA/BP/PVP-coating and personal lubricant 
is approximately equivalent as measured both by human touch as well as ma-
chine, and slipperiness decreased (COF increased) following exposure of the per-
sonal lubricant to water.  
 When the samples were presented initially to the participants, roughly 
equal groups of participants believed that the non-lubricated sample and the 
sample with hydrophilic coating were the least slippery sample. Indeed, both of 
these two samples received similar low slipperiness numerical ratings (3-3.5 on 
our slipperiness rating scale) (Figure 7.7). Participants overwhelmingly believed 
the sample lubricated by KL Liquid was the most slippery, agreeing with the av-
erage slipperiness rating of 6 (Figure 7.8). Majority was determined statistically 
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significant via chi-squared test (statistic value < 0.0001). The qualitative magni-
tude by which the KY Liquid sample was more slippery than the others was 
more so strong than it was weak, with 87% of participants agreeing it was 
“much” or “very much” more slippery than the other samples (Figure 7.9). 
 After the samples were all submerged in water, perceptions of slipperi-
ness changed. The sample perceived least slippery was the non-lubricated latex 
sample, and indeed, its slipperiness rating was the lowest of the three following 
submergence in water (Figure 7.10). Majority was determined statistically signif-
icant via chi-squared test (statistic value < 0.0001). Participants felt the magni-
tude of more slipperiness of the hydrophilic coating generally ranged from 
somewhat more slippery to very much more slippery (68% agreed it was “much” 
or “very much” more slippery than the others) (Figure 7.11). 
 The agreement between friction coefficients and human perception of 
slipperiness has been given recent attention in the literature surrounding tactile 
materials science (studies of plastic, glass, and paper-based materials),29, 30 but it 
has not been extensively studied in the sexuality psychoanalysis field. This 
agreement is visualized by plotting the direct correlation between COF and hu-
man-perceived slipperiness (linear, R2 = 0.83, two-tailed p = 0.011) (Figure 7.15a). 
Both non-coated latex and HEA/BP/PVP-coated latex moved towards the up-
per-left quadrant of the correlation plot (increased in slipperiness) following ex-
posure to water, whereas non-coated latex lubricated by personal lubricant shift-
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ed towards the lower-right quadrant of the plot (decreased in slipperiness) fol-
lowing exposure to water. The six-point correlation observed between human-
perceived and machine-measured slipperiness agrees with the theoretical trend 
projected in Figure 7.15b. While a data set of limited sample size was collected 
(six points), the statistically significant correlation suggests that machine-
measured friction coefficients in the range ~0.1-0.7 reflect the slipperiness detect-
ed by human fingers. 
 Relation between condom use, condom material preference, and future 
condom use. Following the touch test (which kept participants blinded as to the 
intended application of the latex materials), the electronic survey asked a demo-
graphic question, and then asked about sexual activity status. A roughly equal 
number of male and female participants were sought, to better represent the 
wider population of heterosexual sexual partners; approximately a 60/40 F/M 
ratio comprised the respondent pool, rather than 50/50, and approximately 85% 
of the participant population was sexually active (Figure 7.12). 
 Participants were asked about level of condom use when having sex (al-
ways, usually, occasionally, or never). Frequency of condom use was surveyed 
for several reasons. First, as reasons for lack of condom use have been surveyed 
and analyzed in prior reports,31 we sought to validate that there was good 
agreement between former studies and the present study with respect to reasons 
for forgoing condoms; indeed, this general agreement exists. Second, the authors 
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were particularly interested in the effect of an inherently lubricious condom on 
participants who usually or occasionally use condoms, as this group of users 
may be influenced by factors such as pleasure to consider increasing their con-
dom usage—a consideration generally regarded as favorable by many major 
healthcare institutions. Individuals who never use condoms were hypothesized 
to be less open to considering the use of a new inherently lubricious condom; 
however, that some of the non-condom users responded with consideration of 
using such a condom indicates that even among the group of users thought to be 
resistant to condom use, there is the potential to increase condom use even 
among these individuals. Half of the 28 sexually active participants never use 
condoms, with the remaining half comprised of a roughly even split of using 
condoms always, usually, and occasionally (Figure 7.13). The primary reason for 
not using condoms was that an alternate method of birth control was being used 
(Figure 7.14). However, this question only ascertains a superficial reason, as the 
clear follow-up question, were the survey instead conducted in live-interview 
style, would be to inquire why the alternate method of birth control is used in-
stead of condoms. (E.g. due to condoms being less pleasurable than no condom, 
or due to other desirable characteristics of hormonal birth control methods, for 
instance.) 
 The survey next asked which condom participants would prefer if there 
existed condoms made from each of the three samples they touched during the 
245 
touch test; 73% of participants chose the condom coated with HEA/BP/PVP, fol-
lowed by 18% choosing a condom with personal lubricant (Figure 7.6c). This sta-
tistically significant majority of participants that expressed preference for a 
HEA/BP/PVP-coated condom indicates the potential adoption of such a con-
dom in the broader population of condom users. Participants were then asked to 
consider the existence of a HEA/BP/PVP-coated condom available for use, and a 
statistically significant majority of participants that “usually” or “occasionally” 
use condoms either “agreed” or “strongly agreed” that they would consider us-
ing the condom regularly and that they would prefer it over a standard non-
lubricated condom (Table 7.2). Many participants, including those that “never” 
use condoms, expressed preference for the HEA/BP/PVP-coated condom over a 
standard lubricated condom and agreed that it would make them consider in-
creasing their condom usage when having sex (Table 7.3). When participants 
were asked about a hypothetical condom that is “inherently slippery” and “in-
herently stays slippery for a long time,” usual and occasional condom users, and 
even many non-condom users, expressed preference for such condoms and 
agreed they would increase their condom usage if such condoms existed. 
 An additional striation of agreement with the survey’s latter three ques-
tions involves specifically evaluating answers for the individuals who states that 
they do not condoms all of the time due to reasons of not liking the feeling of 
condoms. Of the N=9 participants expressing such feelings, 7 participants (78%) 
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either agreed or strongly agreed that A) a condom made from the hydrophilic 
coating would make them consider increasing their condom usage when having 
sex, B) an inherently slippery condom would increase their usage of condoms 
when having sex, and C) a condom that inherently stayed slippery for a long 
time would increase their usage of condoms when having sex. 
7.7.4 Limitations 
 The number of participants in the touch-test and survey (33) warranted 
sufficient statistical power to identify significant differences among the three la-
tex samples as well as between samples before and after submergence in water. 
However, these findings will need to be confirmed in a larger study of user pref-
erence following touch-testing. Moreover, participants were asked prospectively 
about their opinions regarding HEA/BP/PVP-coated latex condoms, without 
having used such condoms for intercourse (as such condoms are not currently 
available on the market). Prior to any clinical study in which participants utilize 
HEA/BP/PVP-coated condoms for intercourse and provide feedback on prefer-
ence compared to existing condoms, FDA approval must first be obtained. 
 An additional limitation of this study is that the touch-test conducted did 
not incorporate a non-coated latex sample lubricated by silicone-based personal 
lubricant (e.g. that found on the majority of latex male condoms packaged with 
lubricant). It is known that silicone personal lubricants are more resistant to be-
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ing diluted and washed away in the presence of aqueous fluids, however silicone 
lubricants nonetheless slough away from the site of intercourse with time; a fu-
ture study comparing the HEA/BP/PVP coating to silicone lubricants should 
thus incorporate an element of repeating rubbing to assess the human-perceived 
duration of slipperiness. 
7.8 Conclusion 
 In summary, we document the friction-lowering properties of a 
HEA/BP/PVP-based novel coating for latex. The coating does not affect the 
strength of the latex, and the coating provides consistently low friction even 
when subjected to large volumes of water or 1000 cycles of articulation. In con-
trast to the novel coating, the lubricating capabilities of a leading water-based 
personal lubricant, which functions via formation of a lubricant fluid film at the 
latex interface worsens as a function of repeated rubbing cycles as well as expo-
sure to water. Finally, an IRB-approved touch test and condom material prefer-
ence survey reveals that humans perceive latex slipperiness in a manner that 
agrees with machine-measured COFs, and that participants displayed a prefer-
ence for the HEA/BP/PVP-coated latex. The survey results suggest that an in-
herently slippery condom could be adopted and could increase condom usage 
among populations that do not consistently use condoms. Taken in conjunction 
with the results of the condom preference survey, as our mechanical testing data 
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indicate that the HEA/BP/PVP coating confers a lubricious surface property to 
latex that remains consistently slippery for a long duration, a HEA/BP/PVP-
coated condom shows potential to be an effective strategy for increasing condom 
usage among populations with high incidence of STI transmission9, 10, 32, 33 and 
unplanned pregnancy.34-37 
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Table 7.1: Tensile mechanical parameters, leak testing results, and thicknesses for 
non-coated and coated latex (N=3), and their associated comparative P values. 
 
 Eε<5  (kPa) 
(Low-strain ten-
sile modulus)  










Non-coated latex 25.6 ± 6.6 1.69 ± 0.21 10.5 ± 1.4 Pass 66 ± 2 
HEA/BP/PVP-
coated latex 
17.2 ± 1.8 1.86 ± 0.10 11.9 ± 4.9 Pass 81 ± 2 
P value (t-test) 0.15 0.36 0.65 N/A <0.001c 
a Ultimate tensile stress 
b Water leak testing described in detail in ISO 23409 “Annex J: Testing for Holes” 
c Statistically significant difference 
 
 
Table 7.2: Proportion of participants who agree or strongly agree with state-
ments of opinion on the HEA/BP/PVP coating for condoms and potential cours-
es of action regarding condom usage. 
 










If there were a 
HEA/BP/PVP-
coated con-
dom on the 
market, … 
…I would consider using it regularly 91 (10) 57 (8) 
…I would prefer it over a standard non-
lubricated condom 
91 (10) 71 (10) 
…I would prefer it over a standard lubri-
cated condom 
64 (7) 50 (7) 
…it would make me consider increasing 
my condom usage when having sex 
55 (6) 21 (3) 
 I would prefer an inherently slippery con-
dom 
100 (11) 86 (12) 
 An inherently slippery condom would in-
crease my usage of condoms when having 
sex 
82 (9) 43 (6) 
 I would prefer a condom that inherently 
stays slippery for a long time 
100 (11) 86 (12) 
 A condom that inherently stays slippery for 
a long would increase my usage of con-
doms when having sex 




Table 7.3: Participants expressing agreement (“agree” or “strongly agree”) with 
the statements in questions 4, 5, and 6, stratified by frequency of condom use 





a Each cell provides: number of individuals, percentage of individuals, and chi-squared statistic 
based on a null hypothesis of each option on the five-level Likert scale having equal probability 
of being selected. Chi-squared statistic values < 0.05 are displayed as green, while those > 0.05 are 
displayed as red. For each question, if the four chi-squared values in that question’s column are 
all either green or red, the question text is displayed accordingly colored; if a question has both 
green and red chi-squared statistic values in that question’s column, then the text is displayed 




Figure 7.1: Latex surface modification to afford a hydrophilic, lubricious thin 
polymer coating. (a) The coating scheme is comprised of polymer entrapment of 
lubricious PVP within macroinitiator HEA/BP, followed by exposure to light ac-
tivation and chemical crosslinking among HEA/BP, PVP, and the latex surface. 
(b) Photographs of non-coated and coated latex condoms. (c) Scanning electron 





Figure 7.2: Tensile stress is plotted vs tensile strain for a typical latex strip un-
dergoing tensile testing at strain rate of 0.5/s. Low-strain elastic modulus Eε<5 
and high-strain elastic modulus Eε>5 are observed in a typical stress-strain plot. 
 
 
Figure 7.3: (a) COF for non-coated latex lubricated by water, non-coated latex lu-
bricated by personal lubricant, and HEA/BP/PVP-coated latex lubricated by wa-
ter; n=3, standard deviations represented as error bars. (b) COF over 1000 se-
conds of repeated cyclical articulation (corresponding to 1000 rotations), sur-
rounded by air, for non-coated latex lubricated by personal lubricant and for 
HEA/BP/PVP-coated latex lubricated by water. Left: friction timecourses. Right: 
Average COFs during early, middle, and late segments of the 1000-second test 
(each segment 300 seconds in length), revealing the personal lubricant’s statisti-
cally significantly lower friction during the early segment and HEA/BP/PVP’s 
statistically significantly lower friction during the late segment; n=75 COFs aver-




Figure 7.4: COF over 1000 seconds for non-coated latex lubricated by personal 
lubricant, without and with the presence of a surrounding volume of water. COF 






Figure 7.5: Tensile stress as a function of time for samples tested under repeated 
tensile cycling (fatigue). Data displayed for initial 50 seconds, and for 10-second 






Figure 7.6: (a) Slipperiness ratings, as perceived by touch-test participants, for 
non-coated latex, non-coated latex lubricated by personal lubricant, and 
HEA/BP/PVP-coated latex both before and after exposure to water. N=33 partic-
ipants, standard deviations represented as error bars. (b) A statistically signifi-
cant majority (85%) of participants agreed or strongly agreed that latex samples 
treated with HEA/BP/PVP coating were clearly the most slippery after exposure 
to water in comparison to the other touch samples; N=33. (c) A statistically sig-
nificant majority (73%) of participants expressed a preference or strong prefer-
ence for a condom coated with HEA/BP/PVP-coated condom compared to a 






Figure 7.7: Participants’ responses to: “The sample that was clearly the least slip-
pery [before water exposure] was ______”; N=33. 
 
 
Figure 7.8: Participants’ responses to: “The sample that was clearly the most 




Figure 7.9: Of the N=32 participants (97%) that chose KY Liquid as “clearly the 
most slippery [before water exposure],” participants’ response to “The most 
slippery sample was _____ more slippery than the others.” 
 
 
Figure 7.10: Participants’ responses to: “The sample that was clearly the least 





Figure 7.11: Of the N=28 participants (85%) that chose the hydrophilic coating as 
“clearly the most slippery [after water exposure],” participants’ response to “The 
most slippery sample was _____ more slippery than the others.” 
 
 
Figure 7.12: Participants’ responses to: “In the last year, have you been sexually 





Figure 7.13: Participants’ responses to: “Thinking about the last 10 times you had 
sex, how much of the time did you and your partner use a condom?”; N=28. 




Figure 7.14: Participants’ who were sexually active and did not “always” use a 
condom responses to: “What was the reason for not using a condom all of the 
time?” One of the N=25 individuals did not provide a reason, while N=24 pro-
vided at least one reason. The N=24 responding participants providing a total of 
28 responses (four individuals provided two reasons, while all remaining indi-





Figure 7.15: (a) Correlation between machine-measured COF and human-
perceived slipperiness for three samples, prior to after dunking in water. Linear 
regression coefficient of determination R2 = 0.83, two-tailed p = 0.011. (b) Overlay 
of experimentally gathered data with theoretical trend for correlation between 





8. Chapter VIII. Conclusions, Outlook, and Future Directions 
8.1 Part I: Synovial fluid supplement 
The soluble pMPC crosslinked network reported in this dissertation has 
been evaluated for its ability to lubricate articular cartilage over a range of slid-
ing speeds and normal forces, and through a variety of lubrication mechanisms. 
The biolubricant functions via boundary and mixed boundary/fluid film mecha-
nisms classically ascribed to monophasic materials,1, 2 and it additionally oper-
ates by a self-pressurized weeping mechanism3 and also by enhanced mesh-
confinement4 of the pMPC network due to the cartilage’s permeability—a form 
of boosted lubrication.5 pMPC not only reduces friction but also cushions the tis-
sue under creep loading, and this effect is more pronounced for network pMPC 
opposed to linear pMPC likely because of retarded efflux of water from the tis-
sue due to increased local viscosity under compression (Chapter II). Through 
generation of Stribeck curves and Stribeck surfaces, pMPC is shown to reduce 
cartilage friction  over a range of speeds and normal forces, as well as over all 
levels of IFLS (Chapter III). At high IFLS, weeping lubrication occurs as slow 
speeds, which transitions to mixed mode at increased speeds; at low IFLS, classi-
cal boundary/mixed mechanisms operate. Furthermore, we suggest and evalu-
ate a new unifying lubrication framework, incorporating IFLS into classical 
Stribeck curves, to account for biphasic fluid flow and solid-fluid load sharing 
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within cartilage. These studies have informed the design of new lubricating bio-
materials with specific emphasis on polymer design and architecture, and more-
over they allow future investigation of tribological mechanisms in biphasic elas-
tic materials that merge classically segregated lubrication fields of Stribeck theo-
ry with solid-fluid load sharing. 
Future inquiry-driven studies are proposed (Table 8.1) with respect to 
additional friction and wear testing that may be performed to explore alternate 
properties of pMPC or to ascertain more fundamental tribological behavior of 
this biolubricant system. 
8.2 Part II: Cartilage-reinforcing supplement 
 The IPN tissue treatment strategy presented in this dissertation has been 
biochemically and mechanically interrogated for its ability to strengthen, lubri-
cate, and confer wear-resistance to articular cartilage. The technique of allowing 
macromer diffusion into a tissue and subsequent macromer polymerization has 
been utilized in tissue sealant technology,6, 7 but the IPN examined herein ap-
pears to be the first example of bulk tissue reinforcement using such a strategy. 
The IPN forms throughout full thickness articular cartilage, preferentially fills 
tissue pores more so in regions of increased degeneration, increases equilibrium 
compressive modulus of GAG-depleted tissues more so than healthy tissues, and 
prevents cartilage volume loss under accelerated wear testing (Chapter IV). Up-
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on subjection to non-wear-inducing friction testing, the IPN reduces cartilage 
friction under high IFLS by decreasing tissue hydraulic permeability and allow-
ing shear forces to be dissipated throughout the biphasic tissue’s fluid phase, and 
friction under low IFLS conditions is also reduced via fluid-flow-independent 
shear force dissipation (Chapter V). Throughout friction testing, the IPN both 
slows water’s exudation from the tissue and additionally entropically delays 
structural buckling of the tissue, providing cushioning and delaying compressive 
deformation by increasing the tissue’s creep time constant. The IPN may hold 
physiologic benefit in that, since treated tissue with lower IFLS can achieve the 
same friction coefficients as non treated tissue with higher IFLS, patients with 
additional load (e.g. body weight, carrying load) may experience equally effective 
lubrication if treated with the IPN. Finally, the IPN reduces friction not only un-
der single Hersey number conditions, but also over a range of Hersey numbers, 
and importantly the treatment improves the lubricity conferred by synovial fluid 
compared to saline, essentially improving the effectiveness of synovial fluid as a 
lubricant (Chapter VI). 
 As the IPN reinforcement strategy is a recent development, there are nu-
merous remaining questions about its behavior, ranging fundamental scientific 
inquiries to clinically-relevant biomedical engineering development demands. 
Some of these future studies are proposed, relating to interpenetrating hydrogel 
composition, incubation and photopolymerization processes, biophysical phe-
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nomena, and additional mechanical testing, with suggested outcome hypotheses 
(Table 8.2). 
8.3 Part III: Improving tribological performance of polyisoprene biomaterials 
 Several biomechanical principles have been deeply explored in both of the 
cartilage-treating biomaterials-based projects described previously; a thorough 
understanding of biolubrication modes and biotribological phenomena has been 
gained, and numerous friction testing methodologies have been examined and 
evaluated for their ability to answer key questions about material performance 
under simulated physical conditions. These lessons learned, cumulatively, have 
informed the design principles and assessment techniques for a new type of latex 
male condom—one that has a lubricious surface modification to render the con-
dom slippery in the presence of water, whereas natural and synthetic polyiso-
prene condoms, being hydrophobic, are not inherently slippery. The hydrophilic 
photocured latex condom coating comprised of a HEA/BP macroinitiator with 
entrapped PVP was shown to provide consistently low friction despite exposure 
to ample water and 1000 articulation cycles, both of which tend to reduce the lu-
brication afforded by water- and silicone-based personal lubricants, respectively 
(Chapter VII). Human perception of slipperiness of treated and non-treated latex 
samples as well as samples lubricated with personal lubricant was demonstrated 
to correlate significantly with machine-measured friction coefficients. Important 
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for this coating’s development, touch test participants expressed preference for a 
hypothetical male condom coated with the HEA/BP/PVP coating, and those that 
do not consistently use condoms agreed that it would make them consider in-
creasing their condom usage when having sex. 
 Future studies of this biomaterial modification are required for ultimate 
translation of this medical device technology. Biocompatibility studies with spe-
cific emphasis on coating leachables are required to ensure safety; cytotoxicity, 
hemocompatibility, sensitization, and chronic toxicity should all be evaluated per 
ISO 10993-5 guidelines. Ease and reproducibility of manufacturing must also be 
assessed at larger scale to verify GMP specifications will meet the achieve the 
characteristics of the lab-scale coating. Finally, consumer preference and adopta-
bility must be evaluated to determine the market risk of this type of technology, 
as the coating’s scientific and engineering development will lead to clinical adop-
tion predominantly only if users are interested in a product containing the coat-
ing. Additional applications aside from latex condoms may hold potential signif-
icance, such as gloves and balloon catheters, and these substrates remain areas of 
active interest. 
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Table 8.1: Scientific and engineering outstanding inquiries, and the author’s cor-
responding hypotheses and proposed approaches for answering inquiries, with 
regards to the pMPC synovial fluid supplement (Chapters II-III). 
 
Inquiry Hypothesis Proposed approach 
Friction testing   
Can pMPC still lubricate 
if diluted 2-fold? 4-fold? 
8-fold? 
Around 8-fold is empirically 
when material no longer 
lubricates plugs 
Assess friction of serial dilutions 
Does pMPC lubricate in 
combination with OA 
synovial fluid? 
Above a critical pMPC con-
centration, it will lower fric-
tion by >50%. 
Friction test in healthy synovial fluid, 
then in OA fluid, then add pMPC liq-
uid to simulate injection (separately, 
add powder pMPC to simulate wa-
ter’s efflux from joint) 
Wear testing   
Can pMPC be immedi-
ately added to articulat-
ing plugs to prevent 
wear? 
pMPC will reduce friction 
nearly immediately, while 
displacement alterations 
will take 5-30 minutes. 
Under creep equilibrium, rotate plugs 
in saline and observe wear, then add 
highly concentrated pMPC (either 
once or repeatedly) and observe COF 
and displacement change. 
What new methods of 
assessing wear has our 
lab not yet conducted? 
Creep time constant will 
indicate wear; water will 
efflux from worn tissue 
more quickly than from 
healthy tissue 
Wear plugs against stainless steel to 
various magnitudes, and correlate 
time constants with known wear met-
rics such as India ink, E, and optical 
coherence tomography. 
Does the magnitude of 
shear force acting on the 
tissue surface affect how 
much the tissue will 
creep? 
Increased shearing trans-
mits to collagen fibers and 
perpetuates buckling and 
hence axial deformation. 
Use three countersurfaces known to 
produce different shear forces without 




Table 8.2.1: Scientific and engineering outstanding inquiries, and the author’s 
corresponding hypotheses and proposed approaches for answering inquiries, 
with regards to the pMPC cartilage-reinforcing supplement (Chapters IV-VI). 
 
Inquiry Hypothesis Proposed approach 
Hydrogel composition 
Are zwitterionic mono-
mers the ideal material? 
GAGs provide fixed neg-
ative charge. 
Polymerizable sulfate or car-
boxylate will not diffuse into 
tissue to as great an extent as 
zwitterion. 
Attempt sulfopropyl methacrylate 
and methacrylic acid, comparing at 
equimolar (or equal mass) amounts 
to MPC. 
Does being zwitterionic 
afford higher polymeriza-
tion efficiency than being 
like-charged? 
Like-charged (all anionic or 
all cationic) monomers 
would repel each other and 
reaction would take longer 
Fabricate hydrogels in the absence of 
cartilage and compute polymeriza-
tion and gelation efficiency by NMR 
and gravimetry. 
Initial incubation process  
How much time is re-
quired for complete MPC 
diffusion into plugs? 
Prior contrast agents of MW 
1,000 require 18-24 hours; 
MPC (295 Da) believed to 
require 6-10 hours. 
Let incubate for different amounts of 
time and  perform FTIR depthwise 
Would MPC equilibrate 
within plugs faster if in-
troduced following an 
equilibrated compres-
sion? 
MPC solution would be 
physically drawn into tissue 
over 1-2 hour period, op-
posed to hypothesized 6-10 
hours without suction. 
Assess various compression levels 
and incubation times, and perform 
FTIR depthwise 
Does physiologic cyclic 
loading of cartilage speed 
diffusion of MPC? 
Patient walking for 20 
minutes will diffuse signifi-
cantly more monomer into 
cartilage vs static cartilage. 
Perform various loading frequencies 
and magnitudes, and perform FTIR 
depthwise 
Irradiation process / polymerization process 
Does the IPN form in situ 
the same way in healthy 
plugs as in degraded 
plugs? 
Gelation more efficient for 
degraded than healthy plugs; 
more steric opportunity for 
monomer to  polymerize 
Fabricate both types of constructs 
and degrade tissue component via 
papain; assess gel. 
How long is required for 
near complete gelation? 
Pink color bleaches after 1 
minute of irradiation; 2 
minutes may be sufficient 
Attempt various times; perform 
FTIR depthwise and HPLC washout 
solutions for non-reacted monomer 
Biophysical interactions within the tissue 
Is the IPN’s effect “simp-
ly” one of sealing the tis-
sue’s edges, preventing 
water’s efflux? 
Acetabular labrum may pre-
vent fluid exudation; IPN 
may function similarly. 
Compare non-treated plugs, treated 
plugs (that have a 24-h soak to allow 
MPC diffusion throughout), and 3) 
plugs incubated for only 30 minutes 
to confine IPN to near edges only. 
How long does the poly-
mer last for inside the 
tissue? 
Mechanical forces may 
cleave the IPN after suffi-
cient shearing. 
Over a cyclical compression or tor-
sional procedire to simulate acceler-
ated wear, assess mechanics and 
depthwise FTIR signal 
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Table 8.2.2: Scientific and engineering outstanding inquiries, and the author’s 
corresponding hypotheses and proposed approaches for answering inquiries, 
with regards to the pMPC cartilage-reinforcing supplement (Chapters IV-VI). 
 
Inquiry Hypothesis Proposed approach 
Biophysical interactions within the tissue 
Is the IPN only bond-
ed to itself or bonded 
to cartilage? 
Radicals may attack tyrosines 
and bond methacrylate to 
collagen. 
Biologically degrade cartilage with pa-
pain – assess NMR for tyrosine or other 
collagen fragments 
Once the double net-
work is papain-
degraded, what anal-
ysis would be inter-
esting? 
More gel will occupy degen-
erated tissue than healthy 
tissue. Gel will be stiffer for 
OA than for healthy tissue. 
Mechanics can be assessed. One can 
mass the hydrogel to obtain gel mass 
per double network mass. One can also 
obtain gel mass per volume of disc by 
CT.  
What is the polymer's 
effect on increased E 
vs water's effect on 
increased E? 
Both contributions are opera-
tive; at IPN concentrations of 
20 w/v%, water’s effect is 
dominant, while at 60 w/v% 
polymer is dominant. 
Use a less hydrophilic polymer. Fill tis-
sue to same weight or volume or molar 
basis. Then examine stress relaxation 
time constants. Identifying a polymer 
with equal E but different time constants 
would show that MPC holds onto water 
for longer 
Clinically relevant questions  
If OA is progressed to 
collagen fibrillation, is 
treatment too late? 
It likely is. Collagen network 
must resist swelling for 
strengthening to occur. 
Fibrillate collagen either by wear or by 
collagenase - observe differences in me-
chanics, and also simply in swelling 
Does the monomer 
diffuse into meniscus 
and synovium? 
It likely does. But if 100% 
diffuses back out, are adverse 
effects spared? 
Examine in vivo (rabbit model). First 
examine in large animal ex vivo joint and 
analyze tissue by FTIR or HPLC. 
MRI   
How do water con-
tent and diffusivity 
change temporally 
under compression? 
More water will remain in 
the treated tissue for longer, 
compared to non-treated tis-
sue. 
Perform MRI while under constant 
creep load. 
Other compressive tests  
Does a treated plug 
swell back up faster 
than non-treated plug 
following compres-
sion?  
Treated plug dehydrates 
slower under compression; 
does rehydration similarly 
require long time, or oppo-
site due to hydrophilicity? 
Equilibrate both plugs at 20% strain, and 
then release strain, and observe dis-
placement change as tissue re-swells. 
Wear testing   
Is there a difference 
between many low-° 
rotations vs few high-
° rotations? 
The change of directions like-
ly contributes to the wear of 
the plug along with the tor-
ques. 
Assess various cyclic procedures and 





Complete detailed description of latex touch test protocol, instructions, and 
questions 
 A latex touch-test and accompanying survey were administered to a pop-
ulation sample of thirty three participants (13 males and 20 females) of different 
ages (24-58 yrs), ethnicities, education levels, and degrees of sexual activity and 
condom use. The touch-test and survey were approved by the Boston University 
School of Medicine Institutional Review Board (IRB) (Protocol # H-33427). 
Summary 
 Participants were asked to feel and compare three material samples (be-
fore and after submergence in and removal from water (to represent physiologi-
cal fluid during intercourse): 1) non-coated latex, 2) non-coated latex lubricated 
by personal lubricant (100 µL), and 3) HEA/BP/PVP-coated latex. The order in 
which the three samples were placed before the participants was randomized for 
each participant. Participants were blinded as to the composition of each of the 
three samples, and were asked electronically (via tablet interface) to rate each 
sample on a 7-point scale, with 7 points representing most slippery and 1 point 
representing most sticky. 
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Detailed description 
 Touch-test exclusion criteria included having a latex allergy and being 
pregnant or possibly pregnant. Participants were informed prior to test initiation 
that the test is composed of “a touch-test followed by some personal questions” 
and that “participation is voluntary, responses are completely anonymous, and 
the test can be stopped at any time.” Participants were offered candy in ex-
change, The touch-test and survey were administered in a neutral-color and min-
imally decorated room containing  a table, chairs for the survey administrator 
and survey participant, a tablet for the participant to record answers via a self-
guided questionnaire, and three latex samples (strips). The three latex samples 
are each on a glass slide, and are arranged horizontally in front of the participant 
(A, B, and C, reading left to right). Also on the table are a beaker of water (for the 
water submergence portion of the test), a clear unmarked glass vial of personal 
lubricant (KY Liquid® brand), a pipettor for measuring the 100 µL volume of lub-
ricant, and paper towels. Before each participant entered the test room, the ad-
ministrator placed the three samples on the table, pippetted the lubricant onto 
the appropriate sample, and opened a new questionnaire on the tablet. 
Test initiation: Participant walks into room.  Survey administrator says: 
 Hello - I’ll be your survey administrator, and I’d like to thank you for volunteer-
ing to participate in our survey, which should take about 10 minutes to complete. 
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 This survey is part of a research study, and we must inform you that you’re under 
no obligation to participate, and you can stop participating at any time.  The purpose 
of this survey is to learn about people’s sense of touch, specifically slipperiness, and 
your participation will involve touching several materials, and answering a few 
questions about them. If you have any questions about this survey, you can contact 
our study coordinator, Dr. Karen Buch, and I can give you her contact information 
at the end of the survey if you’d like.. 
 In front of you, you’ll see that there are 3 glass slides, each with a thin material 
sample lying flat on top of the glass surface.   Before you begin feeling them, I’ll read 
you some instructions first.  Using any combination of pointer finger, middle finger, 
and ring finger fingertips on your dominant hand, please stroke the samples, one at a 
time, in any way that feels comfortable and natural. Please stroke all three in a simi-
lar manner, because you’ll be asked to compare their slipperiness.  Two of the sam-
ples are dry to the touch, and you can go back and forth between them to feel them; 
 one sample contains a drop of liquid that will be on your fingertips after you’ve 
touched it, so if you’d like to go back to touch the other two once you’ve begun touch-
ing [Administrator points to appropriate sample] this one, you’ll have to rinse 
and dry your fingers before returning to the other two].   
 At this time, please go ahead and feel all three samples, and then you can begin 
answering the questions on this tablet, and you can continue to feel them as you an-
swer questions.  When it asks you to pause, please let me know. 
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Test procedure and questionnaire regarding touch-test:  The participant then 
touches the three samples and begins answering questions on the tablet. 
Questions are below. 
Do you have a latex allergy? Response choices: “Yes” or “No.” 
1. Please rate each sample (A, B, and C) on the following scale: Response choices 
for each of “A,” “B,” and “C”: “Very slippery,” “Slippery,” “Somewhat slip-
pery,” “Neither slippery not sticky,” “Somewhat sticky,” “Sticky,” or “Very 
sticky.” 
2. For each of the two following questions, please select one of the four choices pre-
sented. 
The sample that was clearly the least slippery was: Response choices: “Sam-
ple A,” “Sample B,” “Sample C,” or “none of the samples was clearly 
less slippery than the others / two or three of the samples were tied for 
least slippery”. 
The sample that was clearly the most slippery was: Response choices: “Sam-
ple A,” “Sample B,” “Sample C,” or “none of the samples was clearly 
more slippery than the others / two or three of the samples were tied for 
most slippery”. 
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If the participant indicated that one sample was more slippery than the oth-
ers, question 2a and its preceding text appeared. If the participant did not 
indicate one sample was more slippery than the others, question 2a and its 
preceding text did not appear. 
You indicated one sample was clearly more slippery than the others. 
2a. Please fill in the blank.  The most slippery sample was ______ more slippery than 
the others. Response choices: “Slightly,” “Somewhat,” “Much,” or “Very 
much.” 
Please pause here and inform the survey administrator that you are finished with 
this section. 
Survey administrator says: 
 Now, I’ll take the same three samples, and ask you to repeat the same touch evalu-
ation, after the samples have been dunked in water. [Instructor shows water.] In 
this phase of the survey, it is fine to go back and forth among the three samples to feel 
them, and you can dunk your fingers in the water to re-wet them if the samples start 
to dry out.  I’ll reread the brief instructions that I read before, which are:  Using any 
combination of pointer finger, middle finger, and ring finger fingertips on your dom-
inant hand, please stroke the samples, one at a time, in any way that feels comforta-
ble and natural. Please stroke all three in a similar manner, because you’ll be asked 
to compare their slipperiness.  Please go ahead and feel all three samples, and then 
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you can begin answering the questions on this tablet, and you can continue to feel 
them as you answer questions.  When it asks you to pause, please let me know. 
 Survey Administrator dunks each sample in water for approximately five 
seconds and returns sample to in front of the participant. The participant 
then touches the three samples and answers questions on the tablet. Ques-
tions are below. 
1’. Please rate each sample (A, B, and C) on the following scale: Response choices 
for each of “A,” “B,” and “C”: “Very slippery,” “Slippery,” “Somewhat slip-
pery,” “Neither slippery not sticky,” “Somewhat sticky,” “Sticky,” or “Very 
sticky.” 
2’. For each of the two following questions, please select one of the four choices pre-
sented. 
The sample that was clearly the least slippery was: Response choices: “Sam-
ple A,” “Sample B,” “Sample C,” or “none of the samples was clearly 
less slippery than the others / two or three of the samples were tied for 
least slippery”. 
The sample that was clearly the most slippery was: Response choices: “Sam-
ple A,” “Sample B,” “Sample C,” or “none of the samples was clearly 
more slippery than the others / two or three of the samples were tied for 
most slippery”. 
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If the participant indicated that one sample was more slippery than the oth-
ers, question 2a’ and its preceding text appeared. If the participant did not 
indicate one sample was more slippery than the others, question 2a’ and its 
preceding text did not appear. 
You indicated one sample was clearly more slippery than the others. 
2a’. Please fill in the blank.  The most slippery sample was ______ more slippery 
than the others. Response choices: “Slightly,” “Somewhat,” “Much,” or “Very 
much.” 
Please pause here and inform the survey administrator that you are finished with 
this section. 
Survey administrator says: 
This concludes the touch-test portion of the survey.  We’d now like to ask you to an-
swer just a few more questions on the tablet.  Please read all questions carefully--for 
example, sometimes there’s a statement, followed by a question--please do make sure 
to read everything that’s there.  [Administrator stands up and begins stepping 
away]  I’m going to step away to give you some privacy; you can go ahead and click 
continue on the survey, and please let me know once you’re finished. 
 Participant then takes remainder of survey while administrator is seated 
at another table in the room, out of view of the tablet screen, and facing away 
from the participant. 
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Complete detailed description of condom usage and preference survey proto-
col, instructions, and questions 
Summary 
 Following the touch test, participants were then asked to fill out a survey 
on the tablet regarding their frequency of condom use when having sex, their 
preferences for using condoms made from the latex samples they felt during the 
touch test, and their preferences for using a condom that inherently remained 
slippery and whether or not it would make them consider increasing their con-
dom usage. 
Detailed description 
 The survey began immediately following the touch-test, once the adminis-
trator stepped away from the participant to allow privacy while completing the 
survey. The entirety of the survey is self-guided through the tablet interface. The 
three samples (A-C after being submerged in water) were still present on the ta-
ble in front of the participant so that he or she could visualize the samples while 
answering the survey. Survey instructions and questions are below. 
Follow-up questions. 
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 The samples you touched during the touch-test were latex. Latex is a material 
commonly used in the manufacture of male condoms. 
 We will now ask you some questions about your condom use and preferences. 
 Please remember that all responses are completely anonymous, and you may stop 
participating at any time. 
 In the last year, have you been sexually active? Response choices: “Yes” or 
“No.” 
 If participant responded “Yes,” then they were asked the following ques-
tion about their condom use during the 10 times they had intercourse. If they 
responded “No,” then the questions about their condom use were not ad-
ministered, and they were next shown text reading “For the remaining ques-
tions in the survey, please consider how you would answer the questions if 
you were to use condoms,” and the next question that appeared was related 
to Samples A, B, and C and their hypothetical use as condom materials. 
Thinking about the last 10 times you had sex, how much of the time did you and 
your partner use a condom? Response choices: “Never,” “Occasionally,” “Usu-
ally,” or “Always.” 
 If the participant responded with “Never,” “Occasionally,” or “Usually,” 
then the following question with preceding text appeared. If the participant 
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responded with “Always,” then the following question and its preceding 
text did not appear. 
You indicated that at least some of the time, you have had sex without using a con-
dom. 
What was the reason for not using a condom? Please check all that apply. Response 
choices were: “I / my partner used another method of birth control,” “I don’t 
/ my partner doesn’t like the way condoms feel,” “My partner and I were 
trying to get pregnant,” and “Other: ________,” for which the participant 
was allowed to type a reason. This question was optional, and could be 
skipped if so desired. 
Please think about Samples A, B, and C after they were dunked in water. 
3.  If given a choice among three condoms, one being made from Sample A, another 
being made from Sample B, and another being made from Sample C, which one 
would you prefer to use? Response choices: “Sample A,” “Sample B,” “Sample 
C,” or “No preference for any one of the materials over the others.” 
This series of questions is related to Sample [“A,” “B,” or “C” appeared here, 
corresponding to the HEA/BP/PVP-coated sample, still located in front of 
the participant to visualize], after it was dunked in water. 
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4. For the following statements, please indicate your level of agreement or disagree-
ment. "If there were a condom on the market made from Sample [the same letter 
(“A,” “B,” or “C” as above]... 
...I would consider using it regularly." Response choices: “Strongly agree,” 
“Agree,” Neither agree nor disagree (or N/A),” “Disagree,” or “Strongly 
disagree.” 
...I would prefer it over a standard non-lubricated condom." Response choices: 
“Strongly agree,” “Agree,” Neither agree nor disagree (or N/A),” “Dis-
agree,” or “Strongly disagree.” 
...I would prefer it over a standard lubricated condom." Response choices: 
“Strongly agree,” “Agree,” Neither agree nor disagree (or N/A),” “Dis-
agree,” or “Strongly disagree.” 
...it would make me consider increasing my condom usage when having sex." 
Response choices: “Strongly agree,” “Agree,” Neither agree nor disagree 
(or N/A),” “Disagree,” or “Strongly disagree.” 
Gel or liquid lubricants, sometimes called personal lubricants, are products on the 
market that are used by some individuals. These gel or liquid lubricants are typically 
either applied by the individuals using them or are included in many varieties of in-
dividually wrapped condoms. 
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5. For the following statements, please indicate your level of agreement or disagree-
ment: 
"I would prefer a condom that is inherently slippery without needing to have 
any additional gel or liquid lubricant present." Response choices: “Strongly 
agree,” “Agree,” Neither agree nor disagree (or N/A),” “Disagree,” or 
“Strongly disagree.” 
"A condom that is inherently slippery would increase my usage of condoms 
when having sex." Response choices: “Strongly agree,” “Agree,” Neither 
agree nor disagree (or N/A),” “Disagree,” or “Strongly disagree.” 
Gel or liquid personal lubricants can lose their lubricating ability over time as sexual 
activity proceeds. 
6. For the following statements, please indicate your level of agreement or disagree-
ment: 
"I would prefer a condom that inherently stays slippery for a long time without 
needing to apply/reapply any additional gel or liquid lubricant." Response 
choices: “Strongly agree,” “Agree,” Neither agree nor disagree (or 
N/A),” “Disagree,” or “Strongly disagree.” 
"A condom that inherently stays slippery for a long time would increase my us-
age of condoms when having sex." Response choices: “Strongly agree,” 
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“Agree,” Neither agree nor disagree (or N/A),” “Disagree,” or “Strongly 
disagree.” 
Physiologically, what is your sex? Response choices: “Male,” “Female,” or 
“Other.” 
Thank you!  This concludes the survey.  We greatly appreciate your participation.  
Please contact study coordinator Dr. Karen Buch if you have any questions about 
this survey. 
At this time, please click "submit" and inform the survey administrator that you 
have finished. 
 Upon participant stating they have completed the survey, they’re offered 
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